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Abstract
Bodies of water, particularly those used for drinking or recreation, are monitored
for many different types of pollution. One type that causes especial concern is fecal
contamination from humans and other mammals. Bodies of water affected by fecal
contamination may harbor bacteria and viruses that can threaten human health.
Identifying the source of such microbes is the first step towards eliminating the
contamination, and making the body o f water usable again. Fecal pollution is typically
identified through the detection of indicator organisms, which are present in feces in large
numbers. Examples of such organisms include total coliforms, and subsets of this group,
fecal coliforms and Escherichia coli.

This thesis aimed to develop methodologies suitable for analysis of water bodies
within the Passaic River Watershed. One objective was to compare three methods of
detection and enumeration of these organisms: a modified version o f the Total Coliform
Membrane Filter Technique, IDEXX’s Colilert® System, and 3M™ Petrifilm™
E.coli/Coliform Count Plates. This was done through the analysis of environmental
samples and through a serial dilution study. IDEXX’s Colilert® System, combined with
a modified Total Coliform Membrane Filter Technique were determined to be a suitable
method.

IDEXX’s Colilert® System was used to evaluate environmental samples from
seven sites on the Passaic River and its tributaries. The levels of E. coli found were
compared to New Jersey water quality standards, enforced by the New Jersey Department
of Environmental Protection. All sites were found fall within the allowable bacterial

range except for one site on Goffle Brook, which tested above the allowable geometric
mean.

This study also aimed to develop a microbial source tracking study methodology
that could be used to determine the source of any fecal contamination found. This
involved the use of previously published general primers, to detect fecal pollution, and
species-specific primers, to identify the organism responsible. Some primer sets were
found to be viable, while others require further methodology modification. A
bioinformatics study was performed on the general primers, which were found to be
suitable for this type of study, despite our difficulty with successfully identifying

Bacteroides samples.
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Introduction
Study Sites
Northern New Jersey has a diverse array of land use patterns within a relatively
small region. Much of Northern New Jersey is encompassed within the Passaic River
Basin, which is one of the most flood-prone watersheds in the United States (The Passaic
River Coalition, 2010). The watershed is 935 square miles, and encompasses 10 counties
in Northern New Jersey and Southern New York State (Battelle, 2005). The basin is
divided into three main regions based on topography: the Highlands, the Central Basin,
and the Lower Valley. The collection sites chosen for this study all fall within this
watershed.

The Highlands regions comprises the most upstream portions of the Passaic River
and its tributaries, including the Whippany, Rockaway, Pequannock, Wanaque, Ramapo,
and Pompton Rivers. The topography is dominated by mountainous parallel ridges that
run in a northeast/southwest direction, and is characterized by frequent flash floods (The
Passaic River Coalition, 2010). This region has the least amount of development due to
the narrow and steep nature of the valleys created by the ridges (The Passaic River
Coalition, 2010), and has thus remained heavily wooded (Battelle, 2005). Its land use is
composed of mainly agriculture and forest (Ponader, 2007). This portion o f the Passaic
River is designated for primary contact use, which allows for activities such as water
sports and activities where ingestion and immersion are likely (New Jersey Department
of Environmental Protection, 2008).
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The Central Basin region is characterized by 262 square miles of low-lying flat
land composed of meadows, bogs, and swamps (The Passaic River Coalition, 2010,
Battelle, 2005). Towns in this region include Wayne, Lincoln Park, Pequannock,
Pompton Lakes, and Fairfield, and are prone to frequent flooding. Like the Highlands
region, this portion of the river is designated for primary contact (New Jersey Department
of Environmental Protection, 2008).

The final region, the Lower Valley, encompasses the most downstream portion of
the Passaic River from Little Falls to where it empties into Newark Bay. This is the most
developed region of the river system; it includes urban areas such as Paterson, Passaic,
and Newark (The Passaic River Coalition, 2010). The combined population of these
areas is approximately 2.8 million people, with an average density o f 4,700 people per
square mile (Battelle, 2005).

The Lower Valley region of the Passaic River includes a highly polluted area
called “Chemical Row,” (Huntley S. L., 1995). During the late 1800s this area was the
location of tanneries as well as paint, metallurgical, and chemical manufacturers. Many
industrial structures are still operating in this area today (Donovan, 2008). Due to this
heavy industrialization, chemical pollutants have been well documented in this portion of
the river, including polycyclic aromatic hydrocarbons, polychlorinated biphenyls,
polychlorinated dibenzo-p-dioxins, polychlorinated dibenzofurans, chlorinated pesticides,
herbicides, volatile compounds, semivolatile compounds, and heavy metals (Iannuzzi,
2011). The Lower Passaic River also contains over 70 combined sewer overflows, which
allow wastewater to enter the river, along with excess rainwater, during storm events
(Donovan, 2008). Thirty-six of the combined sewer overflow outfalls are part of the
2

combined sewer system maintained by the Passaic Valley Sewerage Commissioners. In
this system, industrial, commercial, and residential wastewaters are combined with storm
water and drained from an area that measures approximately 16,000 acres in the Passaic
River watershed. The waters end up in a sewage treatment facility in Newark, New
Jersey. However, if as little as 1mm rain falls per hour, the system may experience
overflows in less than 30 minutes. It has been estimated that at least half of the combined
sewer outfalls allow overflow into the Passaic River in over 50% of all storm events
(Huntley S. L.-L., 1997). Combined sewer overflow discharge waters may contain
100,000 to 10,000,000 Most Probable Number (MPN) total coliforms per 100 ml.
Overflow can also occur outside of storm events if the structural integrity of the system is
compromised. Currently, citizens are authorized to participate in primary contact
upstream of the Dundee Dam, and secondary-contact downstream, which includes
activities such as fishing and boating, where immersion and ingestion are unlikely
(Donovan, 2008).

Indicator Organisms
Although water bodies used for drinking water, recreational activities, or food
production are monitored for many types o f pollution, one that causes especial concern is
fecal contamination. Fecal contamination of rivers and lakes is common around the
world, regardless of the level of urbanization or economic status of the region. All
countries experience this pollution, although the type and degree vary (Roslev, 2011).
Fecal contamination is a great concern because it may harbor both bacterial and
viral pathogens able to threaten human health, such as hepatitis A virus, Vibrio species,

Salmonella species, Campylobacter, Norwalk group viruses (Ma, 2011), poliovirus,
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coxsackie virus (Donovan, 2008), Escherichia coli 0157:H17, Mycobacterium species,
and Lysteria species (Murugan, 2011). These and other viruses, bacteria, and protozoans
(Love, 2010) present in fecal contamination have been documented to cause
gastrointestinal, respiratory, skin, eye, ear, nose, and throat diseases in those exposed
(Donovan, 2008). It is estimated that swimming in or consuming contaminated water
causes 175 million cases of such diseases worldwide each year (Roslev, 2011). These
may be individual events, but more often occur in an outbreak, as many people have
access to rivers at once. One such outbreak caused gastrointestinal disease in New York
City firefighters and police scuba divers after they swam in the Hudson and East rivers.
Sixty percent of those affected by the outbreak tested positive for Entamoeba histolytica
and/or Giardia lamblia, pathogens which were also found to be present in the rivers
(Donovan, 2008). This type of contamination may also causes significant economic
losses to communities in which it occurs (Fremaux, 2009).

An essential step in preventing outbreaks such as this in the future is the
detection, quantification, and identification of fecal contaminants. It is difficult to predict
which harmful bacteria or viruses will be present in any population of humans or other
organisms in one area. Because it would be impossible to test for each possibility, due to
both time and monetary constraints, fecal pollution is often discovered through the
isolation of specific indicator organisms, such as Escherichia coli and other fecal
coliforms. These are organisms that are commonly found in feces in great numbers, but
that are not necessarily harmful themselves (Love, 2010).

Total coliforms are species of bacteria that inhabit the intestinal tract of warm
blooded animals, but that may also occur naturally in soil, vegetation, and water (United
4

States Environmental Protection Agency, 2002). They are aerobes or facultative
anaerobes that are gram-negative and non-spore forming, which may undergo lactose
fermentation to produce acid and gas (Dalynn Biologicals, 2005). While their presence is
not harmful, they often signify the presence of smaller numbers of more harmful
microbes. Some environmental tests detect total coliforms; others detect fecal coliforms,
a subset of these bacteria more closely associated with feces, or the specific coliform
species, Escherichia coli. This bacterium is always found in feces, and there are both
pathogenic and nonpathogenic strains, which make it a bacterium of interest useful in
many different techniques (United States Environmental Protection Agency, 2002).

Total Coliform Membrane Filter Technique
Traditional methods of measuring the presence o f indicator bacteria involve the
total coliform membrane-filter technique endorsed by the Environmental Protection
Agency (United States Environmental Protection Agency, 1986) and the American Public
Health Association (Dalynn Biologicals, 2005). This method is involves the use of the
selective medium modified Endo agar (m-Endo agar), also known as the Lawrence
Experimental Station (LES) formulation, which allows for growth o f only coliform
bacteria. M-Endo agar contains agents which inhibit non-coliforms, including sodium
desoxycholate and sodium lauryl sulfate. This medium also contains agents to promote
and confirm the growth of coliforms, including colorless Schiff s reagent (fuchsinsodium sulfate) and lactose. The coliform group is defined by its ability to ferment
lactose at around 35°C. If coliforms are present, they will produce aldehyde as they
ferment the lactose present in the agar. The aldehyde causes the fuchsin from Schiff s
reagent to liberate and crystallize, yielding a metallic green coloration in colonies. Thus,
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this method not only inhibits the growth of non-coliform bacteria, it also confirms that
any growth present is due to the coliform group by indicating that lactose fermentation
has occurred (Dalynn Biologicals, 2005).

IDEXX’s Colilert® System and Modified Technique
A different method for detection and quantification of E. coli and total coliforms
is provided by IDEXX’s Colilert® system (Great Ships Initiative, 2011). This system is
approved by the Environmental Protection Agency for testing ambient waters (O'Brien,
2006). This method is selective, like the Total Coliform Membrane Filter Technique. It
uses IDEXX’s Defined Substrate Technology ®, where nutrient indicators metabolize
into differently colored products by E.coli or total coliforms. E. coli digestion of
indicator MUG by the enzyme (3-glucuronidase will create a fluorescent product, whereas
total coliform digestion of indicator ONPG by the enzyme (3-galactosidase will create a
yellow product (IDEXX Laboratories, Inc., 2013). The enzymes utilized in this method
are mostly found in coliforms and Colilert’s® specifically formulated matrix will inhibit
growth of any non-coliforms that contain these enzymes, meaning that any growth will be
in the coliform group.
The sample is poured into a Quanti-Tray®/2000 with the indicator that contains
the substrates ONPG and MUG, and incubated overnight. The Quanti-Tray®/2000 has a
number of large and small wells which trap the sample. By determining the number of
wells that turns yellow and fluorescent, the results can be quantified per 100 ml of
sample. The Quanti-Tray®/2000®/2000 can detect 1-2149/100ml (IDEXX Laboratories,
Inc., 2013). Enumeration can be determined with the use of a free downloadable MPN
Generator program, available from IDEXX (Dean Miller, 2005).
6

3M™ Petrifilm™ E.coli!CoMiorm Count Plates
Another method that involves growing and counting coliform colonies involves
the use of 3M™ Petrifilm™ E.coli/Coliform Count Plates. 3M™ sells these plates in 50
or 500 count orders (3M, 2013). This method is approved by the United States Food and
Drug Administration for testing all foods and milk (3M), however, at this time it is not
approved for water testing purposes. Unlike m-Endo agar and IDEXX’s Colilert System,
which provide selective media, 3M™ Petrifilms™ utilize a differential medium. This
medium does not block the growth of non-coliform bacteria, but it provides nutrient
indicators that will visualize the growth o f coliforms through gas bubbles, and the
identification of either E. coli or other coliforms through different colors.

The plate is composed of two films with a gel in between. The gel is composed of
violet red bile nutrients including lactose, a gelling agent, a glucuronidase indicator to
visualize E. coli, and a tetrazolium indicator to visualize other total coliforms. Total
coliforms and E. coli both ferment lactose in the medium, which produces visible gas
bubbles (Michigan State University, 2002). Red and blue colonies with associated gas
bubbles indicate total coliforms, while blue colonies with associated gas bubbles indicate

E. coli colonies. Any colonies without associated gas bubbles are not considered to be
E.coli or coliforms (3M, 2013).

Culturing Techniques
Once bacterial species have been cultured from an environmental sample, via any
of the methods mentioned above, further steps may be taken to keep a stock of each
sample. These stocks may later be used to isolate the DNA for verification via
polymerase chain reaction (PCR) amplification, or for amplification followed by
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sequencing. Sterile technique is used in order to transfer bacterial colonies or growth of
interest to nutrient broth or nutrient agar plates. Both are incubated overnight at 37
degrees Celsius, and then stored in the refrigerator.

DNA Extraction
Bacteria, isolated from a filter after processing, from any of the methods for
analysis of indicator organisms, or from cultured samples, may be used for DNA
extraction. The traditional three day process will isolate any chromosomal or plasmid
DNA present in the sample. It involves multiple alcohol precipitation and centrifugation
steps. Another method of DNA isolation is the Chelex method (Nishiguchi, 2002). This
method is quicker than the traditional DNA extraction, but yields smaller amounts of
DNA. In this technique, the bacterial samples are pelleted and resuspended in the Chelex
buffer. The samples are then put through heat extraction, in which the tube is exposed to
a high temperature for at least 25 minutes and then boiled for about 10 minutes, with
vortexing steps in between. The tubes are finally centrifuged and the supernatant
containing the DNA may be stored in the freezer for later use (Nishiguchi, 2002)

Water Quality Standards
Due to the severe consequences of fecal contamination in drinking or recreational
waters, federal and state water standards have been established to protect public health
(Obropta, 2005). In New Jersey, the New Jersey Department of Environmental
Protection (NJDEP) is responsible for the management of Federal Sate Drinking Water
A c t, the New Jersey Safe Drinking Water Act (Obropta, 2005), and the New Jersey
Surface Water Quality Standards N.J.A.C. 7:9B (New Jersey Department of
Environmental Protection, 2008). Acts such as these separate surface waters into

different categories based on desired use, such as drinking water supply, fish
consumption, shellfish resources, propagation of fish and wildlife, recreation, agriculture,
and industrial water supplies (New Jersey Department of Environmental Protection,
2008). These laws establish maximum contaminant levels and maximum permissible
levels for many different types of contaminants, based upon the use category.

The Federal Safe Drinking Water Act was passed by Congress in 1974, and
amended in 1986 and 1996 (United States Environmental Protection Agency, 2004). Part
of this act contains the Total Coliform Rule (TCR). Although many o f the monitored
contaminants are permitted to be present in drinking water below a specific
concentration, total coliforms and E. coli represent such a risk factor that the maximum
contaminant level (MCL) is based upon presence of coliforms, regardless of
concentration (United States Environmental Protection Agency, 2010). This rule requires
Public Water Systems to undergo routine monitoring with a frequency proportionate to
the size of the population served by the water system. For example, a system serving
1000 people must be monitored at least once per month, whereas a water system
servicing 20,000 people would need 20 samplings per month (United States
Environmental Protection Agency, 2010).
If a sample tests positive for total coliforms, repeat samplings are conducted at the
same site, and at an upstream and downstream site. Each total coliform positive result is
also further analyzed to establish whether or not fecal coliforms or E. coli are present. If
fecal coliforms or E. coli are present, an acute MCL violation is triggered. If an acute
MCL is triggered, the state must be notified on the next business day, and the public must
be notified within 24 hours of confirmation of the violation. An MCL monthly violation
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occurs if a system collecting fewer than 40 samples per month has more than 1 routine or
repeat sample per month test positive for total coliforms, or if a system collecting 40 or
more samples per month tests positive for total coliforms in more than 5.0 percent of the
routine and repeat samples. This requires in notification of the state within one business
day, and the public within 30-days of confirmation of the violation (United States
Environmental Protection Agency, 2010). The water suppliers must also provide another
water source while mitigating steps are taken (Obropta, 2005).

Recreational waters may be approved for primary or secondary contact. Primary
contact allows for swimming, bathing, surfing, water skiing, tubing, water play by
children, and other water contact activity where immersion and ingestion are likely
(United States Environmental Protection Agency, 2012). Currently, the EPA has set a
geometric mean (GM) of 126 E. coli CFU per 100 ml in freshwater. This GM should not
be exceeded in any 30-day interval (United States Environmental Protection Agency,
2012). The NJDEP has also set a restriction that a single sample cannot exceed 235 E.

coli CFU per 100 ml.
In December 2012, the United States Environmental Protection Agency, under the
authority of the Federal Clean Water Act, developed new recreational water quality
criteria (RWQC) recommendations for waters designated for primary contact. These are
recommendations, and are not required criteria at this time. These recommendations
measure the indicator organisms E. coli and enterococci based upon magnitude (GM, and
statistical threshold value [STV]) frequency, and duration. Recommendation 1, with an
estimated illness rate of 36 per 1000 sets the E. coli criteria at 126 GM (CFU/100 ml) and
410 STV (CFU/100 ml). Recommendation 2 sets the E. coli criteria at 100 GM and 320
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STV. For both recommendations the water body GM should not exceed the GM
magnitude in any 30-day period. The STV should not be exceeded in more than 10 %
samples in any 30-day interval.

The secondary contact classification is given when ingestion and immersion are
not recommended. Activities allowed in secondary contact classification include boating,
wading, fishing, and rowing. The state of New Jersey allows secondary contact in two
different water categories, SE2, and SE3 ( (New Jersey Department of Environmental
Protection, 2011). SE2 waters cannot exceed a level of 770 E. coli CFU per 100 ml,
while SE3 waters cannot exceed 1500 E. coli CFU per 100 ml.

Microbial Source Tracking
Once it has been determined that there is a significant amount of fecal pollution,
the next step in returning the water body to an acceptable level of cleanliness is to
identify the source of the contamination so that mitigating steps can be taken. Pollution
can be either from a point source or nonpoint source. Point sources are easier to identify
and alleviate. They are distinct places from which the pollution enters the waterway,
such as wastewater treatment outfalls, storm sewers, combined sewers, and discharges
from large animal-feeding facilities (Voegel, 2007). Nonpoint sources of pollution are
problematic because they are not only harder to define, but mitigating steps are often
more difficult to establish (Ritchey, 2009). Nonpoint sources of fecal pollution involve
larger areas from which pollution can be washed into water, such as agricultural areas,
livestock access to streams, livestock waste areas, irrigation from livestock waste lagoons
or pits, pet waste in domestic areas, septic systems, and wildlife waste (Voegel, 2007).
Microbial source tracking studies are especially important in identifying nonpoint sources
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of fecal pollution, which are believed to be central to pollution of United States
waterways (United States Environmental Protection Agency, 2005).

One way to identify sources of fecal contamination is by employing microbial
source tracking methodologies. Although nonpathogenic indicator bacteria such as E.

coli and fecal coliforms are helpful in identifying the presence of fecal pollution, most are
too common to yield information on the potential source of the pollution (Ritchey, 2009).
For this purpose, microbial source tracking is used to distinguish between human and
nonhuman fecal contamination. Some methods are now able to distinguish even more
specifically amongst nonhuman sources to indicate the individual species responsible
(Murugan, 2011), such as dog, cat, goose, deer (Caldwell, 2009), cow (Lee, 2010), pig, or
horse (Dick, 2005).

Although the goal of all microbial source tracking methods is the same, the
techniques involved can vary greatly. They are divided into two large categories: library
dependent and library independent methods. Library dependent methods involve
developing a culture collection reference library from all potential sources of pollution in
the watershed, for later comparison to water samples collected (Voegel, 2007). The
bacteria are analyzed via genotypic or phenotypic methods to create a unique fingerprint
for each source, with the hopes that the fingerprint of environmental samples collected
will match one of the sources (United States Environmental Protection Agency, 2005).
Due to the necessity of creating a culture reference library, all library dependent methods
are also categorized as cultivation dependent. Library dependent methods usually
involve the microorganisms Escherichia coli and enterococci. These methods are not
only time consuming, but also tend to yield inconsistent results, which require much
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validation (Voegel, 2007). It has been suggested that some library dependent methods
may work better on a smaller scale rather than in a regional study (Ritchey, 2009).

Library independent methods usually take advantage of the fact that enteric
bacteria and viruses coevolve with their host, and thus sometimes exhibit genes that are
host specific (Dick, 2005). These methodologies involve identifying these hostassociated markers in microorganisms such as 16S ribosomal DNA in Bacteroides
species, toxin genes in Escherichia coli, the enterococcal surface protein in E. faecium,
the nifH gene in Methanobrevibacter smithii (Stewart-Pullaro, 2006), or species specific
viruses such as enteroviruses, hepatitis A virus (Tsai, 1993), adenoviruses, and
coliphages (Stewart-Pullaro, 2006). Library independent methods may also identify
sequences directly from hosts, such as mitochondrial DNA sequences from epithelial
cells (Roslev, 2011, Caldwell, 2009). Since these methods are able to determine the
identity of the host organism, the construction of a culture collection library is
unnecessary. This group of methods yields more consistent results, but is also prone to
false negatives (Voegel, 2007). Due to the limitations inherent in most microbial source
tracking methodologies, in the use of more than one method may be necessary to gain a
comprehensive understanding of the sources o f pollution (United States Environmental
Protection Agency, 2005). Also, validation via a different method following initial
reports is also encouraged by the United States Environmental Protection Agency.

Library Dependent Methods of MST
Two of the most widely used library dependent microbial source tracking
methods are antibiotic resistance analysis (ARA), and its variation multiple antibiotic
resistance analysis (MAR), because they are relatively inexpensive, take little time, and
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are easy to perform. These methods are based on phenotypic differences amongst
bacteria from different sources or hosts (Jiang, 2007). Bacteria that inhabit the digestive
tract of humans, livestock, and wildlife will have different levels of resistance to various
antibiotics due to different levels of previous exposure. Selective pressure will have
caused populations in different hosts to develop resistance upon exposure to antibiotics
(United States Environmental Protection Agency, 2005). Antibiotics are sometimes
introduced into the diet of livestock animals in order to prevent infections, as well as
increase growth rates. Human populations are exposed to a wide array o f antibiotics to
treat different infections. ARA and MAR methodologies take advantage of the different
antibiotic resistance levels amongst different host species. These techniques involve
collecting fecal samples from potential sources of pollution within the watershed, such as
feces from different species of wildlife and livestock, as well as human sewage samples,
and cultivating a culture library of the different bacteria. The bacteria are then exposed to
multiple antibiotics (MAR) or multiple antibiotics at different concentrations (ARA).
Antibiotics used for these analyses include amoxicillin, ampicillin, bacitracin,
cephalothin, chloramphenicol hydrochloride, Chlortetracycline hydrochloride,
Chlortetracycline, doxycycline hydrochloride, erythromycin, gentamicin, kanamycin
monosulfate, monensin, moxalactam-sodium salt, nalidixic acid-sodium salt, meomycin
sulfate, norfloxacin, Oxytetracycline hydrochloride, penicillin G-potassium salt,
polymixin B, rifampicin, streptomycin sulfate, sulfathiazole, tetracycline hydrochloride,
trimethoprim, sulfamethoxazole, and vancomycin. The concentrations of the antibiotic
exposure can vary from 0.1-500 pg/ml depending upon usual dosages (United States
Environmental Protection Agency, 2005). For each study, the antibiotics used are chosen
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based upon what would likely have been introduced to the potential sources of fecal
pollution previously. For example, if livestock from a certain farm within a watershed
are known to be fed a certain antibiotic, then that antibiotic is a good candidate for use in
an ARA or MAR study. Once they are chosen, antibiotic resistance profiles are created
for each potential fecal source. These are then compared to environmental samples
collected, which are exposed to the same antibiotic concentrations to determine the
source of fecal contamination in waterways (United States Environmental Protection
Agency, 2005).

Antibiotic resistance analysis is often used in conjunction with other microbial
source tracking methodologies. One such study combined a multiple antibiotic resistance
analysis with serotyping and repetitive PCR. The researchers employed 10 different
antibiotics in their analysis of E. coli samples (Murugan, 2011). A similar study used
three concentrations of twelve different antibiotics in their ARA, in addition to rep-PCR
and PCR to distinguish between human and animal sources of fecal contamination (Edge,
2010). Antibiotic resistance analysis (four concentrations of nine different antibiotics)
was combined with a nested PCR study and molecular detection of human viruses in
another study (Jiang, 2007). In all three o f these studies, researchers were confident that
the antibiotic resistance analysis contributed to an understanding of sources o f pollution
in the water body studied. Antibiotic resistance analysis was found to agree greatly with
the results of the PCR in one study (Jiang, 2007), while in another study this technique
combined with the rep-PCR data to help distinguish bird from human E. coli samples
(Edge, 2010).
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A recent study employed 13 different antibiotics in their antibiotic resistance
analysis of E. coli in a Brazilian Water Supply (da Silva, 2011). However, this study was
different from most ARA and MAR studies in that it did not create a reference library.
Instead, the authors inferred antibiotic resistances likely present in humans from a list of
drugs dispensed among human populations, which was supplied by the Brazilian Federal
Government. In this way, this study used a normally library dependent method without
actually creating the library. This methodology was used because the aim of the study
was not to determine the source of fecal pollution, but only analyze any human influence
on possible fecal pollution. Because the researchers only wanted to determine the
anthropogenic influence present in the waterway, they were able to use the most common
antibiotics dispensed to the local human populations to perform their ARA. They
collected samples from 5 different points on the river and analyzed the resistance of the

E. coli present, as well as the level of thermotolerant coliforms present (a common fecal
pollution indicator). Thermotolerant coliform levels were elevated at points 3 and 4.
However, the antibiotic resistance analysis indicated that human influence was likely
only present at point 3. The combination of these methods helped to show at what point
human fecal pollution was likely entering the river. This information could then be used
to understand where and how to alleviate the problem (da Silva, 2011).
A

Another phenotypic method of library dependent microbial source tracking is
carbon utilization analysis. Carbon utilization analyses create their fingerprints upon
phenotypic differences in the utilization of different carbon or nitrogen substrates by
bacteria. This technique is able to yield results quickly due to the availability of many
commercial kits which include the substrates and indicator dyes, such as Biolog
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microplates and PhenePlates (United States Environmental Protection Agency, 2005).
Despite the ease of this technique, it has poor reproducibility, possibly due to the
diversity of environmental factors that would affect nutrient utilization of bacteria
(Simpson, 2002) and thus has not become a widely use microbial source tracking tool.

Genotypic library dependent methods include rep-PCR DNA fingerprinting,
randomly amplified polymorphic DNA (RAPD) analysis, amplified fragment length
polymorphism (AFLP) analysis, pulse field gel electrophoresis with an infrequently
cutting digestive enzyme, and ribotyping (United States Environmental Protection
Agency, 2005). Rep-PCR DNA fingerprinting involves performing a PCR with primers
for sequences that are naturally occurring, conserved, and repetitive, such as repetitive
extragenic palindromic (REP) sequences, enterobacterial repetitive intergenic consensus
(ERIC) sequences, and the 154 bp Box element. All of these sequences are present in
most Gram-positive and Gram-negative bacteria (United States Environmental Protection
Agency, 2005) however the BOX primers are considered to be the best for separating E.

coli in microbial source tracking studies. The fragments are then separated via gel
electrophoresis, forming the fingerprint for that method. This method is reproducible and
easy to perform (Simpson, 2002). RAPD also creates a band pattern on a gel as its
fingerprint for each bacterium. This PCR reaction uses non-selective primers at high
stringency to produce strain specific PCR products. AFLP involves genomic DNA
digestion, ligation of short adapters to the fragments (for priming purposes), and then a
PCR. The next round of PCR is preceded by ligation of different adapters, which will
only allow amplification of a fraction of the fragments. This method allows for the most
bands, and thus has the potential to be the most precise of the PCR based methods
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(United States Environmental Protection Agency, 2005). However, it is also the most
expensive and most technically demanding (Simpson, 2002), and has thus not been
extensively used for microbial source tracking purposes to date (United States
Environmental Protection Agency, 2005). Ribotyping involves digesting DNA,
performing gel electrophoresis, and then using rDNA probes to perform a Southern blot
hybridization. This method works well with most strains, and may be automated, but is
time consuming, complex, and often yields inconclusive or irreproducible results
(Simpson, 2002).

Library independent methods do not require cultivation o f a library from potential
sources of fecal pollution, but some may require cultivation of the environmental samples
that are collected (United States Environmental Protection Agency, 2005). One library
independent cultivation dependent method is F+ coliphage typing. F+ coliphage typing,
also known as F-specific RNA bacteriophage (FRNAPH) typing (Gourmelon, 2010),
identifies F+ coliphage viruses via serotyping or genotyping into one of four subgroups
(United States Environmental Protection Agency, 2005). Subgroups I and IV generally
indicate fecal contamination from animal hosts, while groups II and III indicate a human
host source. This method is relatively simple and inexpensive, but it usually requires an
overnight incubation step.

Another library independent method that may require cultivation of
environmental samples is gene specific PCR. Methodologies of this type have been
developed for host specific E. coli toxin genes (United States Environmental Protection
Agency, 2005; Jiang, 2007; Khatib, 2002; Ma, 2011), Bacteroidales 16S rRNA genes
(Bernhard, A PCR Assay To Discriminate Human and Ruminant Feces on the Basis of
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Host Differences in Bacteroides-Prevotella Genes Encoding 16S rRNA, 2000; Bernhard,
Identification of Nonpoint Sources of Fecal Pollution in Coastal Waters by Using HostSpecific 16S Ribosomal DNA Genetic Markers from Fecal Anaerobes, 2000; Dick, 2005;
Jeong, 2008; Lee, 2010; Liu, 2012), and enterococci virulence genes (United States
Environmental Protection Agency, 2005). Some gene specific PCR methodologies
attempt to identify the host organism directly, through trace epithelial cells (Caldwell,
2009). Gene specific PCR methods involve some type o f PCR (standard, nested PCR, rtPCR, etc.), followed by visualization of PCR products on gel electrophoresis. Further
verification may be gathered through restriction fragment analysis or hybridization
techniques.

Some microbial source tracking studies have attempted to use pathogenic strains
of E. coli for gene specific PCR. One such study assessed the use of the LTIIa toxin gene
as a biomarker for enterotoxigenic E.coli in cattle (Khatib, 2002). Once the researchers
designed primers, they validated their use through PCR amplification o f environmental
samples, followed by visualization on a gel. They further validated their results by
confirmation via Southern or dot blot hybridization. The study found that using the
LTIIa toxin gene was very specific to cattle sources of fecal pollution, indicating its
viability for microbial source tracking studies in the future (Khatib, 2002). Jiang et al.
(2007) performed a microbial source tracking study which used this gene to identify cow
samples, as well as the STh gene, specific to humans; the ralG gene, specific to rabbits;
the tsh gene, specific to birds; and the papG III gene, specific to dogs. The biomarkers
were observed via PCR amplification, with further verification via restriction enzyme
analysis or Southern hybridization. The study was done to determine the sources of fecal
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pollution in a small southern California urban watershed. The results from the PCR
analysis were found to agree with the antibiotic resistance analysis that was also
performed in this study. The researchers found that despite the area being urban, and
thus densely populated by humans, human fecal pollution was not a major contributor to
the contamination of this watershed (Jiang, 2007).

Another way to utilize E. coli in microbial source tracking studies is to determine
which of the seven subtypes of enteric E. coli is most common in various host species,
and to compare this profile to environmental samples. This allows for the identification
of the species responsible for fecal contamination in waterways (Carlos, 2010). Enteric

E. coli belong seven subgroups A0 , Ai, B l, B22, B23, Dj, an D2, based upon the
combination of genetic markers chuA, yjaA, and DNA fragment TspE4. Using these
sequences, the different subgroups can be identified via PCR. Along with differing in
these sequences, the subgroups also have divergent virulence factors, ecological niches,
life histories, sugar requirements, antibiotic resistance profiles, and growth rates. In a
2010 study, the presence of these subgroups was analyzed in human, chicken, cow, goat,
pig, and sheep fecal samples. The results were promising, indicating that the B23
subgroup is indicative of human fecal contamination, while the other subgroups dominate
in nonhuman hosts. However, the paper did note that these data conflict with previous
reports from other regions, which had different subgroups dominant amongst the hosts
studied (Carlos, 2010). Thus, although this method could theoretically be library
independent, a library dependent methodology may be more viable due to the diversity of

E. coli populations in different geographic areas.
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Despite the success of using E. coli for microbial source tracking, Bacteroidales
species may offer a better alternative. Bacteroidales are Gram-negative obligate
anaerobic enteric bacteria that are present in the waste o f humans and other animals in
1000 times greater numbers than coliforms (Jeong, 2008). This bacterial group is
estimated to compose 26-36% of human fecal flora (Lee, 2010), and a slightly smaller
percentage for other hosts (Dick, 2005). These bacteria only last a short time once they
leave their host, and thus, are indicative o f recent fecal pollution (Jeong, 2008). For these
reasons, many studies have attempted to develop microbial source methodologies
involving this bacterial group.

With the knowledge that the Bacteroidales group may be a worthwhile focus for
microbial source tracking studies, Bernhard and Field investigated how to use these
bacteria to distinguish between human and animal fecal pollution (Bernhard, A PCR
Assay To Discriminate Human and Ruminant Feces on the Basis of Host Differences in

Bacteroides-YrQwote\\?L Genes Encoding 16S rRNA, 2000, Bernhard, Identification of
Nonpoint Sources of Fecal Pollution in Coastal Waters by Using Host-Specific 16S
Ribosomal DNA Genetic Markers from Fecal Anaerobes, 2000). First they detected
markers for human-specific and cow-specific strains of Bacteroides-Prevotella through
length heterogeneity PCR (LH-PCR) and terminal restriction fragment lenth
polymorphism (T-RFLP) analyses of 16S rDNA clone libraries constructed from fecal
samples of cows and humans. Various fecal samples for both humans and cows were
used to test the validity o f the markers. They were found to be present in all speciesspecific samples, and absent in the nontarget species. Further confirmation came when
192 clones from each hosts’s 16S rDNA clone library were sequenced and analyzed for
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the markers. Six of the human clones had the marker of interest, four of which were
closely related, and assigned to the HF8 gene cluster (HF145, HF8, HF117, HF102).
This cluster is very closely related to Bacteroides vulgatus. The cow clones formed two
clusters, the CF123 cluster (CF17, CF157, CF123, CF26), and the CF151 cluster (CF68,
CF151, CF46). They determined the sensitivity of the different markers by testing for
them in known environmental samples. They were found to be comparable to other
methods being used at the time (Bernhard, Identification of Nonpoint Sources o f Fecal
Pollution in Coastal Waters by Using Host-Specific 16S Ribosomal DNA Genetic
Markers from Fecal Anaerobes, 2000).

The group continued with this research by creating clones of 16S rDNA
sequences from Tillamook Bay water samples and creating a new phylogenetic tree
including the HF8, CF123, and CF151 clusters previously described (Bernhard, A PCR
Assay To Discriminate Human and Ruminant Feces on the Basis of Host Differences in
Bacteroides-Prevotella Genes Encoding 16S rRNA, 2000). They then designed primers
specific for each cluster and the HF10 clone, which did not belong to any cluster. The
primers developed were CF128F to target the CF123 cluster, the CF193F to target the
CF151 Cluster, and the HF183F to target the HF8 cluster. All of these were paired with
the general Bacteroides-Prevotella reverse primer Bac708R. The primer set HF134F and
HF654R were developed to target HF10. The study also used Bac32F paired with
Bac708R to detect all Bacteroides-Prevotella DNA samples. The primers were tested
through amplification of fecal DNAs from both target and nontarget host organisms via
polymerase chain reaction (PCR). The HF8 cluster was found to be more sensitive and
more specific than the HF10 primers, which were dropped from further study. The HF8
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cluster and two cow clusters both tested positive for the desired samples and negative for
the nontarget samples. When tested through PCR amplification of nontarget animals the
HF8 cluster had no false positives, whereas the CF123 marker yielded positive results for
2 of 3 deer samples, and all samples for elk (3), goat (1), llama (1), and sheep (4). The
CF151 yielded positive results for all samples of deer, elk, goat, llama, and sheep. Cows
are ruminants; all of the false positives are ruminants, except llamas, which are
pseudoruminants. Despite this lack o f specificity, the primers can still distinguish
between human and animal sources. Combined with land use data, the likelihood of an
agricultural versus wildlife source o f pollution can likely be estimated. The primers
created were thus believed to be a promising tool for future microbial source tracking
studies (Bernhard, A PCR Assay To Discriminate Human and Ruminant Feces on the
Basis of Host Differences in Bacteroides-Prevotella Genes Encoding 16S rRNA, 2000).
Another microbial source tracking study of a Lake Ontario beach also utilized the
human specific primer HF183F (Edge, 2010). The study involved both library dependent
and library independent methods to analyze water quality in the lake and its tributary
river. Samples were taken from different parts of the beach to determine if distribution of
pollutants was consistent or not. This study used the previously developed HF183
human-specific Bacteroidales forward primer (Bernhard, A PCR Assay To Discriminate
Human and Ruminant Feces on the Basis of Host Differences in Bacteroides-Prevotella
Genes Encoding 16S rRNA, 2000) and BAC32 general Bacteroidales forward primer,
both paired with the Bac708R general Bacteroidales reverse primer for PCR assays. E.

coli numbers were also measured for all samples, and a library dependent antibiotic
resistance analysis was performed (Edge, 2010). The methodologies used during this
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study all contributed to creating a cohesive picture of how fecal contaminants were
affecting different parts o f the lake and river system, with municipal (human)
contamination greatly affecting the river, and bird fecal contamination greatly affecting
the beach locations.

Primers have also been designed for other host species including horses and pigs
(Dick, 2005) Phylogenetic analyses were applied following T-RFLP analysis of clone
libraries constructed from Bacteroidales present in fecal samples of dogs, cats, elk, pigs,
gulls, humans, cows, and horses. Following these analyses, host-specific markers were
identified for pig and horse samples, from which primers were created. For selecting pig
specific sequences, the novel forward primer PF163F was created, to be paired with
general Bacteroidales reverse primer Bac708R. The new horse forward primer HoF597F
was also designed to be paired with Bac708R. The primers were validated with target
and nontarget fecal sources from the earlier parts of the study as well as additional
samples collected, and were found to be very specific (Dick, 2005).
A 2009 microbial source tracking study aimed to evaluate the specificity and
sensitivity of the primers HF183 and CF128 developed by Bernhard et al. (2000), as well
as the primer PF163 developed by Dick et al. (2005) for gene specific PCR assays in the
Saskatchewan region of Canada (Fremaux, 2009). Although the primers had been
evaluated to be a viable option for microbial source tracking previously, some primers
have been found to be geographically diverse, and thus, not applicable everywhere. For
this reason, primers are sometimes evaluated before their use against environmental
samples.
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The PCR assay was performed on fecal samples from 12 different animal species,
as well as human feces and raw sewage, with at least 10 samples per source. (Fremaux,
2009). The human specific primer HF183 was able to produce positive results for 100%
of raw sewage samples and 94% of human fecal samples, with zero positive results for
the animal samples. The pig specific primer, PF163 was able to correctly identify all of
the pig samples, with no positive results for any o f the other samples. However, the cow
specific primer CF128F lacked 100% specificity. This primer correctly identified 49 of
the 51 cow samples, however, it also provided positive results for eleven of 50 pig
samples, as well as all 10 samples for moose, white tailed deer, mule deer, fallow deer,
caribou, bison, and goat. This indicates that positive results with the CF128 primer do
not indicate exclusively cow fecal contaminants. The study did note that the primer may
still be used when combined with other species-specific markers or land use data
(Fremaux, 2009). When the primers were tested for sensititivy versus E. coli detection,
the human primer was less sensitive, the pig primer was as sensitive, and the cow primer
was more sensitive. When the data was evaluated, the study concluded that PCR
detection of the host-specific Bacteroidales markers is a viable option for microbial
source tracking studies.

A recent study by Lui et al. aimed to improve the specificity of PCR assays that
detect bovine-specific Bacteroidales (2012). Although the bovine-specific forward
primer CF128F, paired with the general Bacteroidales reverse primer Bac708R was used
with some success (Bernhard, A PCR Assay To Discriminate Human and Ruminant
Feces on the Basis of Host Differences in Bacteroides-Prevotella Genes Encoding 16S
rRNA, 2000), it has been shown to lack specificity (Fremaux, 2009) . Although this pair
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of primers yields high rates of true positives, it has also been documented to provide false
positives (Liu, 2012). The researchers created a new bovine-specific reverse primer
CF592R, which may be used to replace Bac708R for bovine-specific PCR assays in the
future. Assays using this new primer were found to eliminate amplification of sequences
with single internal mismatches with CF128F, which Bac708R allowed (Liu, 2012).

Another study aimed to design and validate a methodology involving a TaqMan
real-time PCR assay to distinguish between human-specific and bovine-specific

Bacteroidales (Lee, 2010). This study created novel primers and probes designed for
human (BacHuman), cow (BacBovine I and II), and general Bacteroidales (BacGeneral)
(Lee, 2010) based on previously described gene sequences. These were used during a
real-time PCR assay with known fecal samples. The assays were found to successfully
identify the target Bacteroidales DNA sequences, with no false negatives (Lee, 2010).
Although the BacHuman and BacBovine provided some false positives with non-target
fecal samples from other organisms, the level of the positive result was 50 times smaller
than the true positive reactions, and thus distinguishable as false positives. The
methodology was then used to evaluate water samples in a field study, in which
pollutants of the rivers were known. The results of the study indicated that the
methodology created was sensitive and specific, and could potentially be a good tool for
microbial source tracking studies in the future (Lee, 2010).
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Methods:
Collection Sites:
Eleven study sites were selected within the Passaic River Watershed, four lake
sites (Table 1), and seven river sites (Table 2). The river sites included tributaries. The
lake sites were selected based on previous research which indicated that these lakes were
highly polluted (Ondimu, 2010).
Table l Lake sampling sites. The site ID, site, location, region o f the Passaic River watershed, and GIS coordinates
are given.

Site

Location

Region

GIS Latitude

GIS Longitude 1

P

Pompton Lake

Pompton
Lakes, NJ

Central Basin

41.006

-74.280

B

Branch Brook
Park Lake

Newark, NJ

Lower Valley

40.765

-74.178

W

Weequahic
Park Lake

Newark, NJ

Lower Valley

40.707

-74.089

L

Lincoln Park
Pond

Jersey City,
NJ

Lower Valley

40.727

-74.198

1 Site ID

Table 2 River sampling sites. The site ID. site, location, region o f the Passaic River watershed, and GIS coordinates
are given.

I Site ID 1Site

Location

Region

j GIS Latitude

G I S 1 o n ” itu d e

UP!

Upper Passaic
River

Harding, NJ

Highlands

40.719

-74.531

GTI

Great Brook
(Tributary)

New Vernon, NJ

Highlands

40.732

-74.459

GT2

Great Brook
(Tributary)

Basking Ridge,
NJ

Highlands

40.714

-74.516

UP2

Upper Passaic
River

Basking Ridge,
NJ

Highlands

40.695

-74,515

LP1

Lower Passaic
River

Paterson, NJ

Lower
Valley

40932

-74.162

GF1

GofFle Brook
(Tributary)

Hawthorne, NJ

Lower

40.939

-74.163

Lower Passaic
River

Hawthorne, NJ

40.937

-74.160

LP2

Valley
Lower

Valley
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Figure 1Map o f collection sites. Lake sites are in red, with Site ID follow ed by L fo r lakes, P fo r ponds. The river sites
are blue. The scale is in the lower right corner. The map is oriented so north is at the top o f the image.

Sample Collection and Processing
Lake samples were collected on November 30, 2012. River samples were
collected on March 9, 2013 and April 13, 2013. Samples collection methodologies were
based upon United States Environmental Protection Agency recommendations (United
States Environmental Protection Agency, 2002). At each designated site, samples were
collected in heat-resistant plastic 1L bottles, which had been previously autoclaved.
During April samplings, a 100 mL sterile cup sample was also collected. At the time of
collections air and water temperatures were recorded. All samples were kept on ice until
they were returned to the laboratory for processing.
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Once in the laboratory, samples were processed the same day, within 6 hours of
collections. Samples first underwent vacuum filtration through grade 1 Whatman 12.5
cm 11 pm pore filters to remove large debris, dirt, etc. The filtrate then underwent
vacuum filtration through a Thermo Scientific Nalgene® Cellulose Nitrate (CN) Filter
Unit; 150 mL, 0.45 pm Pore Size (Cole-Parmer, 2013), or Nalgene MF75 Vacuum Filter
Units PES Membrane lOOOmL 0.2pm 90mm, Complete Units with Supor or machV
Membrane (Voigt Global Distribution, 2011). The filter was then cut out o f the unit with
a sterile scalpel. Portions of the filter that were not used the same day were stored in
sterile foil in the freezer.

Modified Total Coliform Membrane Filter Technique
M-Endo agar plates were prepared. One liter o f sterile water was placed into an
autoclaved 2 liter Pyrex flask. 20 ml 96% ethanol was poured into the flask, and the flask
was swirled. 51 grams dehydrated m-Endo agar was put into the flask. The flask was
heated on a hot plate to 250°C, with frequent swirling. Once completely mixed, the mEndo agar was cooled to 45°C. Then 40 mL was poured into each petri dish. The dishes
were allowed to solidify at room temperature. The dishes were stored in the refrigerator
until use.
M-Endo plates were used with one quarter o f the filter from each collected
sample. One fourth of each filter was cut with sterile scissors and placed into an
eppendorf tube with sterile tweezers. The tubes were filled with 1 ml water and vortexed
for about 2 minutes. A micropipettor was used to transfer 100 pi o f each sample onto the
plate. The sample was then spread with a sterile loop. The plates were incubated at 37°C
for 24 hours. The plates were photographed and observed for metallic sheen and the
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number of colonies. The colony counts were multiplied by 4 to get the number per Liter,
since only one quarter of each filter was used to get the sample. The numbers were then
divided by 10, since this technique typically reports counts per 100 ml o f sample.

IDEXX’s Colilert® System and Modified System
November lake samplings were performed using a modified version o f the
Colilert® System. Instead of using direct water samples, a quarter of each filter was cut
into strips, and placed in a 1.5 ml eppendorf tube with 1 ml sterile water. Sterile
instruments were used when handling the filters. The tubes were then vortexed for 10
minutes. This sample was used as a 1 ml sample, which was diluted in 99 ml water for
mixing with the indicator.

The April samplings and cultured samples for the serial dilutions study used
tradition Colilert® System methodology. For the serial dilutions study, 1 ml of sample
was diluted in 99 ml of sterile water and applied to a Quanti-Tray®/2000 after mixing
with the indicator. The April samplings involved the collection of a separate 100 ml
sample which was mixed with the indicator and applied to the Quanti-Tray®/2000 with
no dilution. All samples were mixed with a Colilert® indicator packet in a Colilert®
sample cup until homogenous (Great Ships Initiative, 2011). The solution was then
poured into the Quanti-Tray®/2000®/2000, and tapped to remove bubbles. The QuantiTray®/2000® was placed in the rubber insert. The insert was placed into the Quanti Tray®/2000® sealer. Some trays were run through the sealer twice, if sealing was not
complete the first time. The sealed tray was incubated at 37 +/- 2 °C for 24 hours. The
trays were then photographed, and the number o f yellow and fluorescent wells was
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recorded (IDEXX Laboratories, Inc., 2013). The MPN generator program was used to
determine the quantities of total coliforms and E. coli in each sample (Dean Miller,2005).

Figure 2 IDEXX MPN Generator. Positive large well number and positive sm all well number are entered fo r both
fluorescent and yellow wells to determine MPN p e r 100 ml ofE. coli and total coliforms respectively.

Modified 3M™ Petrifilm™ E. coli/Coliform Count Plate
One fourth of each sample’s filter was cut into strips with sterile scissors and
placed into a 1.5 ml eppendorf tube with sterile tweezers. Also added to the tube was 1.4
ml 3M™ buffer solution. The tubes were vortexed for 10 minutes. The samples were
then applied to plates as directed (3M, 2002). One milliliter was dispensed onto the
center of the bottom film, gently so as not to disturb the gel. The top film was carefully
rolled down and the flat side of the spreader was used to gently apply pressure to the
inoculum until it filled the entire circular portion of the film. The gel was allowed to
solidify for at least one minute before it was moved to the incubator.
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The films were incubated for 22-26 hours at 36°C. After incubation the plates
were removed from the incubator and photographed. The blue colonies with associated
gas bubbles (E. coli), as well as red and blue colonies with associated gas bubbles were
counted and recorded (3M, 2002).

Numbers of E. coli and total coliforms were determined by counting colonies on
3M™ Petrifilms™. The numbers were multiplied by 4 to get counts/Liter o f sample and
then divided by 10 to get count/100 ml o f sample, for comparison to IDEXX and m-Endo
data. The films were stored in the refrigerator. Although the application of our product
to the plate was done according to instructions, the intended use o f this plate is for food
products, so this method is considered modified.

Culture Methods
Some positive samples were selected for culturing in April 2013 for a serial
dilutions study and testing PCR methodologies. E. coli and coliform colonies were
selected from 3M™ Petrifilms™ based upon their true coloration and distance from other
colonies. The Weequahic Park Lake sample (site W) had distinct blue and red colonies
that were selected for culturing. One blue and one red colony were scraped with sterile
swabs and transferred to nutrient broth, the mouth of each tube was flamed, and then the
entire swab was placed inside the tube. The nutrient broth was incubated at 37°C in a
shaker for 24 hours. The remainder of the Petrifilm™ was placed into a petri dish in
nutrient broth and incubated overnight at 37°C to create a mixed culture. After their
incubations, all samples were labeled and stored in the refrigerator for DNA extractions.
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A positive M-Endo plate with metallic coloration, site LP2 from March, was used
to create a stock of coliforms. Sterile technique was used to transfer several colonies to
nutrient agar plates. The plates were incubated for 24 hours at 37°C. They were then
stored in the refrigerator for later use.

3M™ Petrifilms™ were also soaked in nutrient broth to create a mixed culture for
each of the April samples after they were photographed. The Petrifilms™ were cut with
sterile scissors so that the gel could fit in a sterile petri dish. They were then submerged
in nutrient broth. The samples were stored in the incubator overnight at 37°C. A three
day DNA extraction was run the following day with the nutrient broth. A summary of all
samples cultured is seen in Table 3.
Table 3 Summary o f cultured samples. Sample indicates the new sample ID, origin sample indicates what sample was
cultured, origin culture describes from what source culture was taken, and organism describes what organism was
cultured. LP2 is the March sample.

O r ig in S a m p le

O r ig in C u ltu r e

O r g a n ism

WE

W

3 M ™ P e trifilm ™

E. c o li

wc

W

3 M ™ P e trifilm ™

C o lifo rm s

L P 2CSI

LP2

M -E n d o (sm all colony)

C o lifo rm s

L P2cl1

LP2

M -E n d o (la rg e colony)

C o lifo rm s

L P2 cl 2

LP2

M -E n d o (la rg e colony)

C o lifo rm s

LP2m

LP2

S o a k e d 3 M ™ P e trifilm ™

M ix e d

L abE1

L ab E. c o li

Lab sa m p le

E. c o li

L abE2

L ab E. c o li

L ab sa m p le

E, c o li

Serial Dilutions
Serial dilutions of cultured total coliforms were created to test the validity of
quantitative results from the Modified Total Coliform Membrane Filter Technique,
Modified 3M™ Petrifilm™, and Colilert® System. Coliforms cultured on nutrient agar
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plates from the m-Endo plate of the March sampling of site LP2 were put in sterile water
and diluted until and optical density reading at 600nm yielded a result of 0.492. Dilutions
of 10'2, 10'3, and 10~4 were made in tryptic soy broth. The 10'3 and 10'4 dilutions were
used as samples for the various techniques. One milliliter was used for inoculating the
3M™ Petrifilm™ as described previously, 1 mL was used for IDEXX (diluted in 99 mL
water) as described previously, and 100 pi was used to inoculate an m-Endo plate
directly, no filtration step was used.. The samples were incubated overnight at their
prescribed temperatures. The following day 10’5 and 1O’6 dilutions were created in sterile
water from the 10'4 dilution. The same processes were done again.

DNA Isolation from Culturing
A modified traditional three day DNA extraction was used for the culturing
samples to establish positive controls. The April samples were also processed through
this method prior to PCR assays. Five milliliters of each cultured sample (sterile swabs
in nutrient broth for cultured samples, 3M™ Petrifilms™ soaked in nutrient broth for
April samples) was placed into a sterile 15 mL capped tube. The tubes were centrifuged
at 5,000 rpm for 10 minutes, after which the supernatant was discarded. 4.5 mL of 0.3 M
saline-EDTA (pH 8.05) was placed into each tube, along with 0.5 mL lysozyme
(2mg/mL). The samples were incubated overnight in a water bath at 37°C.
On day two, 0.5 mL 10% SDS was added to each tube. The tubes were incubated
for 15 minutes in a 60°C water bath. A micropipettor was used to place 600 pi of each
sample, and 600 pi chloroform-isoamyl alcohol, into two eppendorf tubes. Each tube
was gently shaken until an opaque color was visible. The tubes were centrifuged at 7,500
rpm for 10 minutes. The aqueous phase o f each tube was transferred to a new eppendorf
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tube. An equal volume o f chloroform-isoamyl alcohol was added to each new tube. The
tubes were shaken and centrifuged as before. The aqueous phase o f each tube was again
transferred to a new tube, along with 1 mL 100% ethanol. The tubes were shaken again,
and stored in the freezer overnight.
On the third day of the extraction, the tubes were thawed, and then centrifuged at
14,000 rpm for 10 minutes. The alcohol supernatant was discarded. The tubes were
allowed to air dry for 20 minutes to allow the rest o f the alcohol to evaporate. The pellets
were resuspended in 200 pi distilled water. The DNA extraction products were then
stored in the fridge for NanoDrop analysis and PCR assays.

Chelex Method of DNA Extraction
The Chelex DNA extraction was used for November and March samples. One
quarter of the filter was cut with sterile scissors and placed into an eppendorf tube with
sterile tweezers, along with 200 pi 5% Chelex solution. The tubes were vortexed for 30
seconds. They were incubated in a 56°C water bath for 2 hours, and then vortexed again
for 10 seconds. The tubes were then placed into a boiling water bath for 8 minutes, and
then vortexed for 10 seconds. The tubes were centrifuged for 3 minutes at 10,000 rpm.
The supernatants were placed into new tubes and stored in the freezer for NanoDrop
analysis and PCR assays.

NanoDrop Spectrophotometry
A NanoDrop ND-1000 V 3.7 spectrophotometer was used to determine the
260nm/280nm absorbance ratio as well as the concentration (ng/pl) of each DNA
extraction product (Thermo Fisher Scientific, 2008). The Nucleic Acid program was
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used. The machine was initially blanked by placing 2[i\ sterile water on the contact point
and selecting the Blank option. The machine was blanked again with the same volume of
sterile water between each sample reading. Each sample was read by applying 2 pi to the
contact point and selecting the Measure option. The absorbance ratio o f 260nm/280nm,
as well as the concentration in ng/pl, was recorded for each sample.

Gene Specific PCR Assay
General primers were selected for PCR assays to detect total coliforms,

Bacteroides, and E. coli. The primers were selected from previously published research.
The target organisms, target gene, expected amplicon size, reference, and the sequence,
name, and melting temperature (°C), o f each primer are noted in (Table 4). These
primers are general, meaning that they anneal to conserved regions amongst the gene of
interest in their respective organisms, allowing identification of many members of these
groups. This allows us to test for the presence o f these organisms, confirming fecal
pollution, and to determine if we expect to see more specific priming occurring. For
example, if there is no replication via primer set B, as seen by an absence o f a band
measuring 676 basepairs (bp) when run through a gel electrophoresis assay, then it is
understood that we will not expect to see priming from any of the host-specific

Bacteroides primer sets either.
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Table 4 General primers fo r the indicator organisms total coliforms, Bacteroides, and E. coli. For each prim er set, the
source, target gene, amplicon size, and the melting temperature and sequence o f each prim er are given.

L Z L -389
ATGAAAGCTGGCT
co lifo rm s

acaggaaggcc

6 6 ,3

E. Coli

\GAGTTTGAK MT
GGCTCAG

E.

voli

264

B ej.

199!

57.6

CAATCGGAGTTCT
rCGTG
57.6

16s rR N A gen e
Bacteroide

Bernhard, 2 0 0 0

51.8

I4 9 2 R (!)
GGTTACCTTGTTA
CGACTT

16s rR NA
E. coli

Turner 1999

AACGCTAGCTACA

c

lacZ g en e o f

64.6

B ac 708 R

B ac 32 F

Bacteroides M O O C H •

1 / 1-653
GGTTTATGCAGCA
ACGAGACGTCA

46,8

Lane, 1 9 9 1 ,

Gene-specific primer sets were selected from previously published research
(Table 4). The purpose of these primer sets was to indicate the source of the fecal
pollution. Primer sets D through J identified host-specific 16S rRNA Bacteroides gene
markers. Whereas primer set B anneals to a conserved region in Bacteroides, these
primers are designed to prime to non-conserved regions that are specific to the strains that
affect different hosts. Primer sets K and L were developed to identify mitochondrial DNA
from epithelial cells lost by deer or Canadian geese, respectively. The identification of
any band of expected amplicon size should be understood to indicate that that source has
contributed to the fecal contamination present in that sample.
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Table 5 Source-specific primers fo r MST. For each prim er set, the source, target gene, amplicon size, and the
annealing temperature and sequence o f each prim er are given.

! « lis t

l)

E

G

H

I

J

K

m

H F654R
CCTGCCrcTACTGTA

H um an

6 1 .0

Bacteroides

H um an

H F183F
ArCATGAGTTCACA
5 8 .4
TGTCCG

B ac708R
CAATCGGAGTTCTTC
5 7 .6
GIG

Bacteroides

arc

m iB m l i M
2000

525

2000

540

2000

515

2000

563

D ic k . 2 0 0 5

129

D ic k , 2 0 0 5

145

K ildare, 2 0 0 7

B ernhard,

B ac708R

TA C K '

5 8 .8

C ow

C F 193F
TATGAAAGCT(CGG
5 6 .7
CC

B ac708R
CAATCGGAGTTCTTC
5 7 .6
GTG

Bacteroides

P'g

P F I63F
GCGGATTAATACCG
5 5 .8
TAIGA

Bac708R
CAATCGGAGTTCTTC
5 7 .6
GTG

Bacteroides

B ac708R

H orse

H oF597F
CCAGCCGTAAA
ATAGTCGG

6 0 .2

CAATCGGAGTTCTTC
5 7 .6
GTG

Bacteroides

D og

B acC anF
GGAGCGCAGACGG
6 2 .2
GTTTT

B a c U n i6 0 9 R
CAATCGGAGTTCTTC
5 9 .7
TTGATATCTA

Bacteroides

D eer reverse
GTCTGCGTCTGATGG
6 4 .6
AATTCCTGAT

M itoch on d rial deer

D eer

D eer forw ard
TAACCCGATTCTTC
6 4 .6
CKCTTCCTCT

C a n a d a G o o se R ev
TCCTATTCAGCCTCC
6 4 .6
TAGTGCTCT

g o o se D N A (N D 2

For
CTAACATCCAAATC
6 4 .6
CCTCGACCCA

Bernhard,

I 6 S rR N A

C ow

g o o se

521

I6 S rR N A

CAATCGGAGTTC'TTC
5 7 ,6
GTG

C an ad ian

B ernhard,

I6S rR N A

C a n a d a G o o se

L

b

H F134F
GCCGTCTACTCTTG
6 1 .0
GCC

C F128F
CCAACYTTCCCOW
F

:

Bacteroides

Bernhard.

I6 S rR N A

16 S rR N A

16 S rR N A

16S rR N A

D N A (cy tB gene)

C a ld w e ll,
122

2009

M itoch on drial
g en e)

C a ld w e ll,
77

2009

Extracted DNA from all samples was used for amplification via PCR. March
samples were amplified with primer sets B, C, D, E, F, and G, while the April samples
and cultured samples were amplified with every primer set (Table 4, Error! Reference

source not found.). Each 25 pi PCR reaction was composed of 2 pi extracted DNA, 2.5
pi forward primer (10 pM concentration), 2.5 pi reverse primer (10 pM concentration),
12.5 pi Denville Scientific Inc. Hot-Start Taq Mastermix and 5.5 pi sterile water. The
reactions were run with one 240 second stage at 94°C, followed by 40 cycles of a 60
second stage at 94°C, a 40 second stage at 55°C, and one 60 second stage at 72°C, finally
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followed by one 300 second stage at 72°C. The reactions were run in an Applied
Biosystems Veriti 96 Well Thermocycler (Life Technologies, 2012).

Gel electrophoresis
All PCR products were visualized through gel electrophoresis. Gels were created
at a concentration of 1.0% agarose-LE with lx TAE buffer. The solution was heated at 1
minute intervals in a microwave, and swirled in between until homogenous. The mixture
was allowed to cool slightly before being measured out into 40 to 50 ml aliquots for each
gel. In addition, 2 jli1 ethidium bromide was added into each aliquot before solidification.
Two ten-well combs were used per gel. Gels were submerged in lx TAE buffer. Each
well was loaded with 2 pi loading dye and 1O jliI PCR product. Each row contained a well
loaded with 10 pi Hi-Lo DNA Ladder. Gels were allowed to run at 120 volts for
approximately 20-25 minutes each. Gels were viewed and photographed under UV light.

Bioinformatics
A bioinformatics study was conducted to determine the validity of the general
primers used in this study. First, the forward primer and reverse primer o f each set was
individually run through the National Center for Biotechnology Information’s (NCBI)
BLASTn (basic local alignment search tool) search feature (National Center for
Biotechnology Information). This compares the query sequence to nucleotide sequences
that have been submitted to the database by researchers around the world, and identifies
somewhat similar sequences. It is considered slower than the other BLAST search
features, but allows for the identification o f sequences only seven base pairs long.
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Once the forward and reverse primer of each set was run through the BLASTn
search feature, consensus sequences were identified by locating homologous sequences
from each search with the same NCBI Accession Number. These two entries were then
entered as query sequences in a BLAST2 search, which analyzes the alignment of two or
more sequences (National Center for Biotechnology Information). This allowed for the
identification of the region that the primers will replicate. The size of this sequence was
compared to the size reported by previous research.

The consensus sequence for each primer set was used for a BLASTn search. This
allowed for the identification of similar sequences in other organisms. The presence of
similar regions in other organisms would confirm that the general primers are general,
and that they will replicate DNA from many strains or species o f these bacterial groups.
This also allowed for the creation of a phylogenetic tree o f the similar sequences.

Distance rooted trees were generated by using the Neighbor Joining method
(Saitou, 1987). The maximum allowed fraction of mismatched bases in the aligned region
between any pair of sequences was set as 0.75. If the fraction o f mismatched bases for
any pair of sequences was larger than 0.75, both sequences were excluded from tree
generation.

Results/Discussion
Sample Collection
Air and water temperatures were recorded for lake (Table 6), and river (Table 7)
samplings. Due to faulty thermometers, the temperature data for the November sampling
was incomplete.
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Table 6 Lake sampling temperature data in degrees Celsius. Due to
faulty thermometers, some data was not available.

Site ID
P

4

na

B

7

na

W

9

4

L

na

9

Table 7 River sampling temperature data in degrees Celsius. Samplings
occurred in March and April.

Site ID

Air Temperature °C Water Temperature °C
March
April
! March
April

UP1

15

13

-3

7

GT1

13

12

2

7

GT2

15

13

3

7

UP2

15

13

2

7

LP1

12

13

2

6

GF1

12

13

2

6

LP2

12

13

2

6

Modified Total Coliform Membrane Filter Technique (M-Endo)
A modified version of Total Coliform Membrane Filter technique was used with
all river samples. The lake sites all yielded negative results. However, these samples
were applied to the m-Endo plates about one month after the collection date, from the
filter that was stored in the freezer. The results may have been different if the bacteria
had been applied the same day it was processed.
The river samples were all applied to the m-Endo plates on the same day as the
collections. The March samples had only one positive result, site LP2, which would have
required dilution for enumeration. The April samples showed larger numbers in the
Lower Valley region (sites LP1, GF1, LP2) than in the Highlands region (sites UP1, GT1,
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GT2, UP2) (Figure 3). The Highlands region showed 14.4 total coliform CFU per 100 ml
at site GT1, 1.6 at site GT2, 0.4 at site UP2, and although site UP1 had metallic
coloration, no colonies were visible. The Lower Valley region had 51.2 in site LP1,4.8
in site GF1, and 1.6 in site LP2.

Modified Total Coliform Membrane Filter Technique
Total Coliforms for April River Samplings
60

■ Total Coliforms

UP1

GT1

GT2

UP2

LP1

GF1

LP2

River Site

Figure 3 Modified Total Coliform Membrane Filter Technique total coliform counts fo r A pril river samplings. All
plates showed metallic coloration confirming coliform growth. Site UP ¡showed no visible colonies despite metallic
coloration.

IDEXX’s Colilert® System and Modified System
Preliminary work with the lake samples utilized the previously described
modified Colilert® System. We resuspended the bacteria from the one quarter o f the
filter into 1 mL water. This 1 mL resuspension was mixed with 99 mL sterile water.
This did not yield any positive results, and thus this method was abandoned.
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In April, the traditional Colilert® System method was used in which 100 mL
direct sample was used for mixing with indicator and addition to Quanti-Tray®/2000.
The number of yellow and fluorescent wells was loaded into the MPN generator program
(Dean Miller, 2005), to determine the numbers per 100 ml.
IDEXX’s Colilert® System was able to identify the presence o f E. coli in all of
the April samples (Figure 4). Unfortunately, the Quanti-Tray®/2000® for Site UP1 did
not fully seal, and thus there is no data for this sample. The other Highlands samples,
however, yielded 1.6 (site GT2) to 54.4 (site GT1) E. coli per 100 ml o f sample. The
number of total coliforms in this group ranged from 53.6 (site GT2) to 150.3 (site GT1)
per 100 ml of sample. E. coli and total coliforms were proportionate; site GT2 had the
least for both categories, followed by site UP2, and site GT1 had the most for both
categories. The Lower Valley samples also agreed in that the sites that had the most total
coliforms also had the most E. coli. Site GF1 had the highest numbers, with 131.7 E. coli
and 1,046.2 total coliforms per sample. Site LP2 followed with 91.4 E. coli and 223.5
total coliform, and site LP1 had the lowest numbers for the Lower Valley, with 82.2 E.
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coli and 156.4 total coliforms.

IDEXX’s Colilert® System Total Coliform and E. coli
counts for April River Samples

■ Total Coliforms
■ E. coli

UP1

GTl

GT2

UP2

LP1

GF1

LP2

River Site

Figure 4 IDEXX's Colilert® System E. coli and total coliform counts in CFU p e r 100 mlfo r April river samples.
Quanti-Tray®/2000for site UP l d id not seal properly, so no data is available fo r that site.

3M™ Petrifilms™
The 3M™ Petrifilms™ did not detect any E. coli, except in two lake samples, Site
W at 4 per 100 ml and Site L at 0.4 per 100 ml (Figure 5). The same two lake samples
also yielded total coliform counts of 5.2 per 10 0ml and 2.4 per 100 ml respectively. The
other lake samples were negative for total coliforms and E. coli.
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3M™ Petrifilm™ E. coli and Total Coliform Counts
for Lake Samples

■ Total Coliform
■ E. coli

P

B

W

L

Lake Site

Figure 5 E. coli and total coliform C F U per 100 ml in lake samples, as derived by 3M™ Petrifilms™. .

The river samples all had greater numbers o f total coliforms in April, except for
Site LP2 which was too numerous to count in March, and then indicated only 26 coliform
CFU per 100 ml in April (Figure 6). The Highlands sites, UP1, GT1, GT2, and UP2, all
had zero positive results in March, but had numbers ranging from 3.2 (site UP1) to 27.2
(site GT1) in April. The Lower Valley Sites ranged from 32 (site 5) to too numerous to
count in the March (site LP2) and 23.6 (site GF1) to 30.4 (site LP1) in April. Thus, the
Lower Valley region tended to have higher counts of total coliforms, and the numbers
tended to be higher in April.
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3M™ Petrifilm™ E. coli and Total Coliform Counts
for River Samples
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Figure 6 E. coli and total coliform CFU p e r 100 ml in river samples, as derived by 3M™ Petrifilms™. The data from
site LP2 in March was too numerous to count; the exact number is unknown.

Quantitative Methods: Modified 3M™ Petrifilm™, IDEXX’s Colilert® System,
Modified Traditional Total Coliform Membrane Filter Technique
Three different quantitative methods were used to analyze the environmental
samples collected. These methods were Modified Total Coliform Membrane Filter
Technique, IDEXX’s Colilert® System, and Modified 3M™ Petrifilm™. It was
expected that data derived from these three methods would correlate, since they are
quantitative, but that was not seen in our data. Besides the general trend of more bacteria
being present in the Lower Valley region as opposed to the Highlands region, there was
not much similarity amongst the different methods (Table 8,Figure 7 Summary o f Total
Coliform and E. coli values for April river samples from 3M Petrifilm, IDEXX's Colilert
System, and Modified Total Coliform Membrane Filter Technique..
46

Table 8 Summary o f Total Coliform and E. coli values for April river samples from 3M Petrifilm, IDEXX's Colilert
System, and Modified Total Coliform Membrane Filter Technique.

Petrifilm™
Total Coliforms

Colilert"* E.

E. co li

co li

Colilert*
Total
Coliforms

Modified mEndo Total
Coliforms

UP1

0

3.2

0

0

0

GT1

0

27.2

54.4

150.3

14.4

GT2

0

3.4

1.6

53.6

1.6

UP2

0

5.2

39.1

82

0.4

LP1

0

30.4

82.2

156.4

51.2

GF1

0

23.6

131.7

1406.2

4.8

LP2

0

26

91.4

223.5

1.6

Sample ID

Petrifilm™

Summary of Data from 3 Quantitative Methods: E. coli
and Total Coliform Counts for April River Samples
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Figure 7 Summary o f Total Coliform and E. coli values fo r A pril river samples from 3 M Petrifilm, IDEXX's Colilert
System, and Modified Total Coliform Membrane Filter Technique.

Due to the volume of data, a summary of data from only the April river samples is
shown and compared (Table 8). However, it should be noted that the 3M™ Petrifilm™
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and modified m-Endo plate data did match in regards to the March samplings o f site LP2.
Both found that the site LP2 sample collected in March had too many bacteria to properly
enumerate. The 3M™ Petrifilm™ turned a dark pink color and was filled with tiny
bubbles. The m-Endo plate had some individual colonies, but also a large smear of
connected colonies, which prevented a proper counting.

April river samplings seemed to indicate that the Lower Valley sites tended to
have higher numbers than the Highlands region sites. However, the three methods
differed in the actual numbers, as well as the relative amounts of contamination in the
different sites. Within the two regions, the site with the highest bacterial count differed
according to the different methods. The Petrifilm™ and 1DEXX methods agreed
according to the order of the Highlands sites, with GT1 having the highest numbers,
followed by UP2, and GT2. The IDEXX data for site UP1 was unavailable because the
Quanti-Tray®/2000® did not properly seal. The 3M™ Petrifilm™ placed site UP1 as
the lowest concentration of total coliforms. However, the M-Endo data had sites GT2
and UP2 reversed in the order of most contaminated.
As stated previously, all three methods showed higher numbers in the Lower
Valley region sites than in the Highlands sites overall. The order o f sites from most to
least contamination was again different according to the different methods. The sites
were ordered GF1, LP2, LP1 according to IDEXX; LP1, LP2, GF1 according to 3M™
Petrifilm™ data, and LP1, GF1, LP2 according to M-Endo plate data. It is also
interesting to note that although both M-Endo and 3M™ Petrifilm™ data indicated that
site LP2 had high amounts of coliforms in the March (too numerous to count in both
cases), the amount at this site in the April was in range with the other values. It should
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also be noted how vastly different the numbers given by the methods were, especially in
April. The Petrifilm™ data indicated values from 3.2 to 30.4 coliforms per 100 ml, MEndo plates showed 0 to 14.4 coliforms per 100 ml, and IDEXX gave values from 53.6 to
1,046.2 total coliforms per 100 ml.
Another contrasting piece of information was that 3M™ Petrifilms™ were unable
to detect E. coli in any of the samples. However, IDEXX’s Colilert® system detected E.

coli in all samples, with the data yielding values ranging from 1.6 per 100 ml (site GT2)
to 131.7 per 100 ml (site GF1). The E. coli values amongst the sites were in the same
order (most to least contaminated) as the total coliforms derived from the IDEXX data
(GF1, LP2, LP1, GT1, UP2, GT2). Due to the conflicting data, a serial dilutions study
was performed to evaluate the accuracy of the different methods.

Serial Dilutions
Because the values given by the three quantitative methods (3M™ Petrifilm™,
IDEXX’s Colilert® System, and the Modified Total Coliform Membrane Filter
technique) did not correlate, and because even the relative amounts amongst the sites
was so conflicting, we wanted to evaluate the quantitative accuracy of these
methodologies. This was done through the creation of serial dilutions of cultured
coliforms, which were then tested according to each methodology.
The Modified Total Coliform Membrane Filter technique yielded the best results.
The m-Endo plates allowed us to accurately observe the dilutions visualized as colonies
on the plates, as seen in Figure 8. The higher the dilution factor applied, the fewer
colonies were present on the plate, as expected. Thus, the 10"3 dilution had the most
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colonies, and the 10’6 dilution had the fewest colonies. The 10‘6 dilution was within the
range where colonies could be easily counted on the plate. This dilution yielded 27
colonies on the m-Endo plate. When 27 was multiplied by 106 for the dilution factor, and
1000 to get the number per 100 ml, the result is a concentration of 2.7 x 1010 CFU per
100 ml.

Figure 8 Serial dilutions o f total coliforms. Plate A is the Iff3 dilution, Plate B is the Iff4dilution, Plate C is the 10'
dilution, and Plate D is the Iff6 dilution.
Table 9 Serial dilutions data. The m-Endo plates yielded results at the 10-6 dilution. IDEXX’s Colilert System yielded
results at all dilutions, but the results d id not correlate to the dilutions. 3M Petri films all yielded a results o f too
numerous to count.

Dilution

10-4
lO'6

IDEXXMPN
M-Endo Plate
CFU per 100 ml total coliforms
per 100 ml

TNTC
2.7 x 10i0

3M™
Petrifilm™
total coliforms
per 100 ml

9.07 x 106

TNTC

1.425 x 108

TNTC

7.24 x 108

TNTC

4.22 xlO9

TNTC
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The serial dilutions IDEXX data did not agree with the m-Endo counts (Table 9).
Although the lower limit of detection for this system is impressive at a single coliform or

E. coli per sample, the maximum level o f detection presents a problem, because it is only
2,419 per 100 ml (IDEXX Laboratories, Inc., 2013). The 10'6 dilution sample contained
270,000 CFU per liter, or 270 CFU per mL, according to the M-Endo data. This falls
within the 1 to 2,419 per 100 ml range because a 100 ml sample was not applied, 1 ml of
sample diluted in 99 ml sterile water was used for this study. Thus, the IDEXX data
should have resulted in a count of approximately 270 for the 10'6 dilution. However, the
IDEXX data yielded an MPN of 42.2 for this dilution (indicating a final count o f 4.22 x
109. This indicates that although the sample was within the detectable range for this
system, for some reason there was an error, and the system was not able to detect the full
amount of coliforms present.

According to the m-Endo data, the other dilutions have coliform counts above the
maximum detectable limit of the IDEXX methodology. However, we were unable to
determine this through the IDEXX results. It would be expected that bacterial counts
above the maximum detectable limit might appear as though they were at a count of
2,419, with all of the wells presenting yellow coloration. However, the other dilutions
yielded inaccurate numbers that appeared to be in the detectable range o f IDEXX’s
Colilert® system. The 10‘5 dilution gave an MPN count of 72.4/ml, the 10 4 dilution gave
an MPN count of 142.5/ml, and the 10'3 gave an MPN count of 90.7/ml. These results
indicated final counts of 7.24 x 108, 1.425 x 108, and 9.07 x 106per 100 ml.
Previous research has indicated that IDEXX’s Colilert® system is as accurate as
or more accurate than traditional methodologies (Yakub, 2002, Eckner, 1998), and it is a
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U.S. EPA approved method (IDEXX Laboratories, Inc., 2013). Thus, our
recommendation for future studies is that IDEXX’s Colilert system be combined with
another method, such as our modified Total Coliform Membrane Filter Technique, to
ensure that the samples are within the range of the system (1-2149 CFU per 100 ml).

The 3M™ Petrifilms™ inoculated with all four dilutions developed a dense layer
of bubbles, which indicated that the bacteria were too numerous to count. This indicates
that the maximum detectable CFU is less than 2.7 x 1010. Thus, we were unable to
determine the accuracy of this methodology. Future studies should test this method with
greater dilutions. Once a dilution is found in which the colonies are enumerable, the
method should be compared to colony counts on m-Endo plates. Also, a test o f straight
application of a sample versus application from resuspended filter should be compared, to
see if we lost any of the bacteria through resuspension.

Environmental Analysis of Study Sites
Because it is approved by the U.S. EPA, IDEXX’s Colilert® System was used in
the analysis of our environmental samples (IDEXX Laboratories, Inc., 2013).
Unfortunately, the Quanti-Tray®/2000 for site UP1 did not seal properly, and a leak
occurred. Thus, there is no data available for this site. However, all other sites tested
positive for some level of both E. coli and total coliforms in April samplings (Figure 9).
Previous samplings attempted to use the modified IDEXX methodology, and were thus
excluded from this analysis.

52

E. c o li

and Total Coliform Values in April River Samplings
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UP1
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GT2

UP2
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LP2

Collection Site
■ €, coif ■ Total Coliform

Figure 9 E. coli and total coliform CFU p e r 100 ml sample. Data shown is fo r April collections. Site UP l has no data
because the Quanti-Tray®/2000 did not seal properly.

The highest level of total coliforms was observed in site GF1, at 1,406 CFU per
100 ml. The other sites all had less than 250 CFU per 100 ml, with the highest occurring
in site LP2 at 223 CFU per 100 ml, and the lowest occurring in site UP2 with 82 CFU per
100 ml. The sites also all tested positive for E. coli. According to drinking water
standards, the presence of E. coli in these samples would trigger an acute MCL (United
States Environmental Protection Agency, 2012). The presence o f the coliforms detected
in this sample may also contribute to a monthly MCL when compiled with additional
samplings. Thus, this water would not be suitable for drinking water, and is currently not
used for this purpose.
Primary and secondary recreational contact are designated according to E.coli
levels, not total coliform level. All April river samples tested positive for E. coli, with
the numbers ranging from 1 CFU per 100 ml in site GT2 to 131 CFU per 100 ml in site
GF1. In New Jersey, primary contact is currently limited to water bodies that have a GM
of 126 CFU per 100 ml. New Jersey regulations also stipulate that a single sample shall
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not exceed 235 CFU per 100 ml. Secondary contact is limited to waters with less than
770 CFU E. coli per 100 ml for SE2 waters, and 1500 CFU E. coli per 100 ml for SE3
waters (New Jersey Department of Environmental Protection, 2011). We cannot
calculate a GM for this study since only one sampling was done. For the purpose of
analysis, we will assume that the recorded value is typical for that water body, and thus
similar to the GM. It is understood that multiple samplings would need to be conducted
in order to confirm the designations recommended.
According to our data, sites GT1, GT2, UP2, LP1, and LP2 all fall within the
acceptable range for primary contact set by the EPA (United States Environmental
Protection Agency, 2012). These sites all have values o f less than 126 CFU E. coli per
100 ml. Currently, designations agree with our classification of sites UP1, UP2, LP1, and
LP2, as primary contact is authorized in all parts of the Passaic River upstream of the
Dundee Dam. Since the Highlands portion o f the Passaic River is designated for primary
contact, it is not surprising that its tributary, the Great Brook, also tested within the range
for primary contact, at sites GT1 and GT2.
Currently, sites LP1, LP2, and GF1, although in the Lower Valley region o f the
watershed are within the portion of the Passaic River in which primary contact is
allowed. Our data indicated that site GF1 may be unsuitable for primary contact. At 131
CFU E. coli per 100 ml, this value does not exceed the maximum concentration allowed
for a single sample, less than 235 CFU per 100 ml, but if this concentration is typical, the
GM of this site may be above the maximum GM allowed, 126 CFU E. coli per 100 ml.
More samplings would need to be performed in order to determine the GM of this site.
This site may require designation for secondary contact, which allows for less than either
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770 or 1500 CFU per 100 ml, depending on the category. This data also indicates that
the Goffle Brook tributary is likely contributing to the contamination of the Passaic
River, since the Passaic River has more total coliforms at site LP2 than site LP 1.

NanoDrop- DNA Extractions
Either a Chelex DNA extraction (lake, March river samples) or Traditional DNA
extraction (cultured samples, April river samples) was used to obtain DNA for PCR of
each sample, which was tested with a NanoDrop spectrophotometer. Data for lake
samples is seen in Table 10. The purity levels were from 1.63 to 1.81 (260/280 ratio),
and the concentration ranged from 32.9 to 60.2.

Table 10 NanoDrop purity (260/280), and concentration (ng/pl) readings fo r lake samples. All samples were obtained
through a Chelex DNA extraction.

Sample ID

NanoDrop 260/280

N a n o D ro p

P

1.76

39.3

B

1.81

4M

W

1.63

60.2

L

1.70

32.9

pi

The river samples underwent Chelex DNA extraction in March. Although the
results were acceptable in terms of purity, a three day DNA extraction was used for April
samples in an attempt to get a larger concentration of DNA. The NanoDrop analyses of
these extractions are seen in Table 11. The Chelex method yielded purity levels from a
260/280 ratio of 1.36 to 1.96. The three day DNA extraction yielded results from 1.46 to
1.78. Thus, both methods were able to yield results around 1.8, considered to be very
pure DNA (ThermoS cientific, 2008). The concentrations (ng/pl) were 51.2 to 331.0 for
the Chelex method and 99.5 to 160.2 for the three day extraction.
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Table 11 NanoDrop purity (260/280), and concentration (ng/pl) readings for river samples. March samples were
extracted through the Chelex method, April samples were extracted through the modified three day method.

UP1

1.96

1.61

51.2

99.5

GT1

1.69

1.58

69.7

138,7

GT2

1.53

1.57

124.3

139.1

UP2

1.36

1.78

331.0

125.0

LP1

1.47

1.50

240.6

158.8

GF1

1.75

1.49

68.6

160.2

LP2

1.59

1.46

164.8

148.9

The cultured samples all underwent a three day DNA extraction as well. The
results are seen in Table 12. The extractions were all found to be acceptable in
purity.The concentrations for these samples were higher than for the environmental
samples.
The NanoDrop results indicated that both methods o f DNA isolation were able to
extract DNA within an acceptable level of purity for PCR analysis. Also, the
concentrations of DNA were high enough in most samples to run a PCR with confidence
that yields would be satisfactory with the correct primers. Thus, the use of either method
would be suitable in the continuation of this study.
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Table 12 Nano Drop readings fo r purity (260/280) and concentration (ng/pl) fo r cultured samples. concAll samples
were extracted through the modified three day method.

WE

1.33

549.9

wc

1.36

517.0

LP2tsl

2.33

21.2

LP2cl1

1.74

242.3

LP2cu

1,64

214.5

LP2m

1.19

354.0

LabE1

1.93

496.9

Labt 2

2.04

315.6

PCR/Gel Electrophoresis Data
The cultured samples were used for a PCR analysis with the general indicator
bacteria primers (Table 4). The products o f this PCR were run on two gels, which can be
seen in and Figure 11. The gel electrophoresis resulted in 5 lanes having the expected
band size, and thus producing positive expected results. Lanes which contained PCR
products from the primer set 27F/1492R were expected to have a band about 1460 bp in
length if E. coli were present. This band was seen in Lanes 2 and 5, which contained
samples LP2csi and LP2cli, but was absent from the lanes containing LP2Cl2, Label, and
LabE2 - Lanes which contained PCR products from the primer set LZL389/LZL653 were
expected to have a band around 264 bp in length if coliforms were present. This band
was seen in Lanes 3, 6, and 9, which contained samples LP2Csi, LP2Cli, and LP2cl2The band was absent in lanes which had products from these primers and the samples
Label, and Labe2 . The primer set Bac32F/Bac708R was expected to create PCR products
of 676 bp. This band was absent in all samples.
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Lane

Primer Set

Sample

I

B

LP2csi

2

C

LP2csi

3

A

LP2ch

4

B

LP2cli

5

C

LP2oli

6

A

LP2cli

7

B

LP2cu

Figure 10 Gel o f PCR products o f cultured samples and general primers. White arrows indicate location o f bands;
black arrows indicate prim er set, source, and band size fo r expected amplicons. Ladder appears in leftmost
(unnumbered) lane.

Lane

Pnmer Set

Sample

S

C

LP2ct:

9

A

LP2ou

10

B

Label

11

C

Label

12

A

Label

13

B

Labe:

14

C

Labe:

15

A

Labe:

Figure 11 Gel o f PCR products o f cultured samples and general primers. White arrows indicate location o f bands;
black arrows indicate prim er set, source, and band size fo r expected amplicons. Ladder appears in leftmost
(unnumbered) lane
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PCR analysis of the cultured samples indicated that LP2cli, L P 2 cl2, and LP2csi
contained coliforms, and LP2cli and LP2csi contained E. coli (, Figure 11). These results
were as expected. All of these samples were cultured from positive m-Endo plates,
which are selective for coliforms. Thus, each of these samples was expected to be
amplified by primers specific to coliforms. As E. coli are a subset of coliforms, they may
or may not be present on the m-Endo plates, and thus positive or negative results could
have been expected for E. coli.
However, the PCR did have some unexpected negative results. A known sample
of E. coli was also used for the PCR assay and subsequent gel electrophoresis study.
These samples were expected to produce bands correlating to amplified coliform and E.

coli DNA segments in lanes 11, 12, 14, and 15 in Figure 11. However, none of the lanes
containing these PCR products produced any bands. This indicates that some refining of
PCR protocol may be necessary. Annealing temperature, number of cycles, and amounts
of primers and extracted DNA will all be evaluated and modified in future studies.
None of the samples yielded bands in reactions that amplified Bacteroides.

Bacteroides are found in feces in greater numbers than coliforms are. However, they do
not last as long in the environment as coliforms do. While this makes them excellent for
microbial source tracking in theory, as they indicate fresh fecal pollution, it sometimes
makes them difficult to culture or detect in the lab. Thus, it is not overly surprising that
our cultured samples did not present any evidence of Bacteroides.
Cultured samples were also amplified again with the general primers, along with
the remaining primer sets, which were species-specific. Only gels which featured
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possible bands are shown. Figure 12 shows the amplification of sample LP2Cu b y primer
sets D through L.

n Hnaaa 5216f>

O oowr'tp

Lane

Primer Set

Sample

I

D

L P2cu

2

E

L P 2cu

3

F

L P2eu

4

G

LP2ai

5

H

L P 2cu

6

I

L P2cu

7

J

L P 2as

8

K

L P2cu

9

L

L P2cu

Figure 12 Gel o f PCR products o f LP2Cu amplified with prim er sets D through L. White arrows indicate observed
bands; black arrows indicate prim er set, source, and band size o f amplicons believed to be observed.

This gel shows two possible bands o f interest. Lane 1 was expected to yield a
band at 521 bp if human fecal pollution was present. There is a smear visible in this lane,
which indicates amplification of not only this region, but others as well. This indicates
the possibility of human fecal pollution in sample LP2. Further studies should attempt to
confirm this result. Lane 9 showed a band o f small size, near the bottom o f the ladder.
The expected amplicon size for this lane was 77 bp. Although small bands are visible in
many of the lanes, these are believed to be primer dimers. The band in lane 9 is brighter
than the rest, and is believed to be our band o f interest, indicating fecal pollution present
from Canadian Geese in sample LP2. Again, more gels would need to be run to confirm
this result. Future studies may want to run fewer primer sets per gel, and correlate the
resolution of the gel to expected band sizes.

Figure 13 shows the gel of PCR products of LP2Mamplified with primer sets A
through I. Lane 1 shows two bands near the expected size for primer set A, 264 bp. This
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gel may indicate the presence of total coliforms through these bands. This would be
expected since this sample was cultured from a 3M Petrifilm positive for both E. coli and
total coliforms. However, the presence o f two bands indicates that there may be some
nonspecific priming occurring. Also, although it is expected that primer set C would
produce a band in lane 3, because primer set C replicates E. coli DNA, this lane was
negative for any bands.

1
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3.
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5.

6 ,

7.
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9

*

'(pBp
IM p
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Lane

Primer Set

Sample

I

A

L P 2*

4

B

L P 2*

3

C

LP2sr

4

D

L P 2*

3

E

L P 2*

6

F

L P 2ii

1

G

LP2 k

8

H

LP2ju

9

I

LP2it

Figure 13 Gel o f PCR products o f LP2M amplified with prim er sets A through I. White arrows indicate observed
bands; black arrows indicate prim er set, source, and band size o f amplicons believed to be observed.

Figure 14 shows the gel of PCR products o f Wc amplified with primer sets G
through L and A through C. As in the previous gels, primer set A seems to have
replicated total coliform DNA, as seen in lane 7. This was expected, as this sample was
cultured from a positive total coliform 3M Petrifilm. Again, other very light bands are
seen in other lanes near the bottom of the gel.
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Lane

Primer Set

Sample

1

G

Wc

“i

H

Wc

3

I

Wc

4

J

Wc

5

K

Wc

6

L

Wc

7

A

Wc

8

B

Wc

9

C

Wc

Figure 14 Gel o f PCR products o fW Mamplified with prim er sets G through L, and A through C. White arrows indicate
observed bands; black arrows indicate primer set, source, and hand size o f amplicons believed to be observed.

It is recommended that future studies refine PCR methodologies before relying on
it as an MST tool. The PCR and gel data seems to indicate that primer set A is able to
detect total coliforms. Primer set C was able to detect E. coli in some known E. coli
samples but not others. The only other primer sets that indicated any results were D and
L. However, none of these primer sets gave a clear band. Blurring, smearing, and double
bands were visible, indicating some nonspecific priming. The positive result of primer
set D indicates the presence of a Bacteroides that infects humans. Such an organism
should also have been replicated by primer set B, and possibly primer set E. PCR
methodology may need to be revised in terms of thermocycler times and temperatures,
primer concentration, primer volume, and other aspects. Gel electrophoresis
methodology may need to be revised in terms of gel resolution. It is difficult to ensure
that you are seeing a 77 bp and 1504bp on the same gel. If primer sets with similarly
sized amplicons were run on the same gel, the resolutions of each gel could be tailored to
this smaller band size range.
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Bioinformatics
The bioinformatics portion of this study confirmed that the general primers used
were suitable. The consensus sequences derived from cross referencing the BLASTn
searches of each forward and reverse primer yielded many highly similar sequences in
different strains and species of the same group, with homology ranging from 98-100%
(Table 13 Reported amplicon size, consensus sequence size, and homology range of
BLASTn results for general primer sets.. The consensus sequences and BLASTn
distribution of hits on the query sequence are seen in Figure 15, Figure 16, and Figure 17.
The phylogenetic trees created from the BLASTn search results help to visualize the
relationships amongst the different bacteria with this shared sequence. The phylogenetic
trees are seen in Figure 18, Figure 19, and Figure 20.

One noteworthy find, however, was that the consensus sequence of primer set B
(Bac32F/Bac708R), as determined by our bioinformatics study, differed from the
reported amplicon size by 18 basepairs (Table 13 Reported amplicon size, consensus
sequence size, and homology range of BLASTn results for general primer sets. This
result emphasizes the importance o f performing bioinformatics reviews on previously
published primer sets. If we had not done this study, and later ran PCR products on a
high resolution gel, or if we sequenced our bands, we may have disregarded a 694 bp
product as something other than our desired product.
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Table 13 Reported amp licon size, corn em us sequence size, and homology range o f BLASTn results fo r general prim er
sets.

Primers

Reported
] Amplicon Size
(bp)

Consensus
Homology Range
Sequence Size (bp) of BLASTn
Results

LZ L-3 89/LZL-653

264

99-100%

Bac32F/Bac708R

676

98-100%

27F/I492R

99%

Future studies may include bioinformatics analysis of the MST species-specific
primer sets (D-L). The objectives of such studies would be to confirm the reported
amplicon size, and have very little to no sequences matching the query (consensus)
sequence. These primer sets are developed to replicate species-specific genes that are not
conserved. Thus, any sequences with a high homology to the consensus sequence would
indicate that these primer sets are not species specific, and therefore, perhaps not suitable
for MST studies.
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fa >gb |CP004009.ll : 1079227-1079490 Escherichia coli APEC 078, complete genome (264 nt) E. coli I I I
GGTTTATGCAGCAACGAGACGTCACGGAAAATGCCGCTCATCCGCCACATATCCTGATCTTCCAGATAACTGCCGTCACTCCA
GCGCAGCACCATCACCGCGAGGCGGTTTTCTCCGACGCGTAAAAATGCGCTCAGGTCAAATTCAGACGGCAAACGACTGTC
CTGACCGTAACCGACCCAGCGACCGTTGCACCACAGATGAAACGCCGAGTTAACGCCATCAAAAATAATTCGCGTCTGGCCT
TCCTGTAGCCAGCTTTCAT
g

Nucleotide Sequence (1504 letters)
Query ID
D escription
M olecule type
Query Length

Id) 39025

Database Name nr
D escription Nucleotide collection (nt)
Program BLA5TN 2,2.2#+

None
nudeic acid
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Figure 15 Consensus sequence o f primer set A (A), and BLASTn search results fo r consensus sequence (B). Consensus
sequence was highly similar to many sequences.
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a

D

D

>gb |KC836069.11:25-718 Uncultured bacterium clone C-150 16S ribosomal RNA gene, partial sequence (694
nt)
AACGCTAGCTACAGGCTTAACACATGCAAGTeGAGGGGTAACAAGAGGAAAGCTTGCCTTTCTTGTTGACGACCGGCGC
ACGGGTGAGTAACGCGTATCCAACCTGCCTATAACTAGGGAATAACCTTGCGAAAGTAAGACTAATACCCTATGATTTCCTT
TGATGGCATCAGATTAGGAATAAAGATTTATCGGTTATAGATGGGGATGCGTCTGATTAGCTTGTTGGCGGGGTAACGGCC
CACCAAGGCAACGATCAGTAGGGGTTCTGAGAGGAAGGTCCCCCACATTGGAACTGAGACACG6TCCAAACTCCTACGG
GAGGCAGCAGTGAGGAATATTGGTCAATGGGC6GAAGCCTGAACCAGCCAAGTAGCGTGCAGGATGACGGCCCTATGG
GTTGTAAACTGCmTATACAGGAATAAAGTTAGCCACGTGTGGTTATTTGTAGGTACTGTATGAATAAGGACCGGCTAATT
CCGTGCCAGCAGCCGCGGTAATACGGAAGGTCCAGGCGTTATCCGGATTTATTGGGTTTAAAGGGAGCGTAGGCCGTCTG
TTAAGCGTGTTGTGAAATGTAGATGCTCAACATCTGAATTGCAGCGCGAACTGGCAGACTTGAGTGTGCGCAACGTAGGC
GGAATTCGTGGTGTAGCGGTGAAATGCTTAGATATCACGAAGAACTCCGATTG
Nucleotide Sequence (1504 tetters)
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Figure 16 Consensus sequence ofprim er set B (A), and BlASTn search results fo r consensus sequence (B). Consensus
sequence was highly similar to many sequences.
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A
M

>gb| CP004009.11:133657-135160 Escherichia coll APEC 078, complete genome (1,504 nt) £ coli 16s rRNA
AGA6TTTGATC(A/C)TGGCTCAGATTGAACGCTGGCGGCAG6CCTAACACATGCAAGTCGAACGGTAACAGGAAGCAGCTTGCTGCTTTCGCTGACGAGTGGCG
GACGGGTGAGTAATGTCTGGGAAACTGCCTGATGGAGGGGGATAACTACTGGAAACGGTAGCTAATACCGCATAACGTCGCAAGACCAAAGAGGGGGACCTTCG
GGCCTCTTGCCATCGGATGTGCCCAGATGGGATTAGCTAGTAGGTGGGGTAACGGCTCACCTAGGCGACGATCCCTAGCTGGTCTGAGAGGATGACCAGCCACACT
GGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTGTATGAAGAAGGCCTT
CGGGTTGTAAAGTACmCAGCGGGGAGGAAGGGAGTAAAGTTAATACCTTTGCTCATTGACGTTACCCGCAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGCC
GCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGCGGTTTGTTAAGTCAGATGTGAAATCCCCGGGCTCAACCTGGGAAC
TGCATCTGATACTGGCAAGCTTGAGTCTCGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACCGGTGGCGAAGGCGGC
CCCCTGGACGAAGACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGTCGACTTGGAGGTTGTGC
CCTTGAGGCGTGGCTTCCGGAGCTAACGCGTTAAGTCGACCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGGT
GGAGCATGTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTGGTCTTGACATCCACAGAACTTTCCAGAGATGGATTGGTGCCTTCGGGAACTGTGAGACAGGT
GCTGCATGGCTGTCGTCAGCTCGTGTTGTGAAATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTATCCTTTGTTGCCAGCGGTCCGGCCGGGAACTCAAAGGA
GACTGCCAGTGATAAACTGGAGGAAGGTGGGGATGACGTCAAGTCATCATGGCCCTTACGACCAGGGCTACACACGTGCTACAATGGCGCATACAAAGAGAAGCG
ACCTCGCGAGAGCAAGCGGACCTCATAAAGTGCGTCGTAGTCCGGATTGGAGTCTGCAACTCGACTCCATGAAGTCGGAATCGCTAGTAATCGTG6ATCAGAATGC
CACGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTGG6TTGCAAAAGAAGTAGGTAGCTTAACCTTCGGGAGGGCGCTTACCACTT
TGTGATTCATGACTGGGGTGAAGTCGTAACAAGGTAACC
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Figure 1 7 Consensus sequence o f prim er set C (A), and BLASTn search results for consensus sequence (B). Consensus
sequence was highly similar to many sequences.
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Figure 18 Phylogenetic tree fo r BLASTn results o f consensus sequence ofprim er set A.
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Figure 19 Phylogenetic tree fo r BLASTn results o f consensus sequence ofprim er set B.
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Conclusions
Although this research is preliminary, the foundation has been laid for future
microbial source tracking studies of Northern New Jersey bodies o f water. Our
evaluation indicates that IDEXX’s Colilert® System should be used in conjunction with
modified Total Coliform Membrane Filter Technique in order to confirm that levels are
within the detectable rang of the Colilert® System.. PCR methodologies should be
refined in order to make sure that all target organisms are being replicated by their
respective primer sets. At this time, general primer sets A and C, and species-specific
primer sets D and L, have shown some results and should be used in further studies.
Primer sets D through L should be evaluated through bioinformatics methodologies. Gel
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methodologies may also be refined for better viewing of the various sizes o f expected
amplicons.

When the data is compiled, it does seem as if some patterns emerge, although
confirmations would be required. It seems that the April samples had higher counts of
coliforms. This is not surprising, since higher temperatures allow bacteria to survive
longer. Also, this means that MST studies may benefit from spring and summer
sampling especially, although a study should be composed o f seasonal, if not monthly
samplings. Also, the Lower Valley region seemed to have more fecal contamination than
the Highlands region. All methods showed this trend. It is hypothesized that future
gene-specific PCR analysis of this region may show contamination due to human
pollution, since the area is densely populated and contains CSOs.
Once methodologies are fully developed and refined, a larger MST study should
be conducted. Seasonal research should be performed on these study sites during dry
periods of weather. Once this profile is established, it would also be beneficial to
perform studies before and after storm events, to see if a substantial amount o f bacteria is
flushed into the water during storms. Also, a more complete picture o f the Passaic River
could be assembled if additional sites were added throughout the Central Basin region, as
well as additional sites in the Lower Valley region, below the Dundee Dam.

70

Works Cited
3M. (2002, January). 3M Petrifilm E.coli/Coliform Count Plates Reminders for Use. 1-2.
St. Paul, Minnesota, USA: 3M.

3M. (2013). 3M™ Petrifilm™ E.coli/Coliform Count Plates. Retrieved November 2012,
from 3M in the United States:
http://solutions.3m.com/wps/portal/3M/en_US/Microbiology/FoodSafety/productinformation/productcatalog/?PC_7_RJH9U523003DC023S7P9203087000000_nid=COWJ62882Vbe
29BDXSBJ7Fgl
3M. (n.d.). 3MPetrifilm Plate Certificates, Recognitions and Validations. St. Paul,
Minnesota. Retrieved from
http://multimedia.3m.com/mws/mediawebserver7mwskU66666UF6EVsSyXTt4x
Ttl8TEEVtQEVs6EVs6EVs6E666666—&fn=70-2008-5431-6.pdf
Battelle. (2005). Lower Passaic River Restoration Project Pathways Analysis Report.
Duxbury, MA: Battelle. Retrieved March 2013
Bej, A. K. (1991, December). Polymerase Chain Reaction-Gene Probe Detection of
Microorgamisms by Using Filter-Concentrated Samples. Applied and

Environmental Microbiology, 3529-3534.
Bernhard, A. E. (2000, October). A PCR Assay To Discriminate Human and Ruminant
Feces on the Basis of Host Differences in Bacteroides-Prevotella Genes Encoding
16S rRNA. Applied and Environmental Microbiology, (56(10), 4571-4574.
Retrieved June 2012
71

Bernhard, A. E. (2000, April). Identification of Nonpoint Sources o f Fecal Pollution in
Coastal Waters by Using Host-Specific 16S Ribosomal DNA Genetic Markers
from Fecal Anaerobes. Applied and Environmental Microbiology, 66(4), 15871594. Retrieved March 2013

Caldwell, J. M. (2009). Domestic wastewater influent profiling using mitochondrial real
time PCR for source tracking animal contamination. Journal o f Microbiological

M ethods(ll), 17-22. doi: 10.1016/j.mimet.2008.11.007
Carlos, C. M. (2010). Escherichia coli phylogenetic group determination and its
application in the identification of the major animal source of fecal contamination.

BioMed Central Microbiology, 10(161), 1-10. Retrieved June 2012, from
http://www.biomedcentral.com/1471 -2180/10/161

Cole-Parmer. (2013). Retrieved from Thermo Scientific Nalgene® Cellulose Nitrate
(CN) Filter Units; 150 mL, 0.45 pm Pore Size:
http://www.coleparmer.com/Product/Thermo_Scientific_Nalgene_Cellulose_Nitr
ate CN F ilter_Units_ 15 0_mL_0_45_m_Pore_Size/E W -06730-45
da Silva, T. F. (2011). Microbiological Quality and Antibiotic Resistance Analysis of a
Brazilian Water Supply Source. Water Air and Soil Pollution, 218, 611-618.
doi: 10.1007/s 11270-010-0672-x
Dalynn Biologicals. (2005). m-ENDO LES AGAR Catalogue No. PE54 &PE55. Dalynn
Biologicals. Retrieved April 2013, from http://www.dalynn.com/docs/PE55.pdf

72

Dean Miller. (2005). Quanti-Tray and Quanti-Tray/2000 IDEXX MPN Generator 3.2.
IDEXX Laboratories Inc. Retrieved March 2013, from
http ://namerica. idexx.com/water/quantitray/index .j sp

Dick, L. K. (2005). Host Distributions of Uncultivated Fecal Bacteriodales Bacteria
Reveal Genetic Markers for Fecal Source Identification. Applied and

Environmental Microbiology, 77(6), 3184-3191. doi: 10.1128/AEM .71.6.31843191.2005

Donovan, E. K. (2008, February). Risk of Gastrointestinal Disease Associated with
Exposure to Pathogens in the Water o f the Lower Passaic River. Applied and

Environmental Microbiology, 74(4), 994-1003. doi: 10.1128/AEM.00601-07
Eckner, K. F. (1998, August). Comparison of Membrane Filtration and Multiple-Tube
Fermentation by Colilert and Enterolert Methods for Detection o f Waterborne
Coliform Bacteria, Escherichia coli, and Enterococci Used in Drinking and
Bathing Water Quality Monitoring in Southern Sweden. Applied and

Environmental Microbiology, 64(8), 3079-3083. Retrieved from
http://europepmc.org/articles/PMC 106820;jsessionid=FcBQNHyaTGniws8MEqR
8.0?pdf=render
Edge, T. A. (2010). Library-dependent and library-independent microbial source tracking
to identify spatial variation in faecal contamination sources along a Lake Ontario
Beach (Ontario, Canada). Water Science & Technology, 62(3), 719-727.
doi:10.2166/wst.2010.335

73

Fremaux, B. J. (2009, June). Evaluation of host-specific Bacteroidales 16S rRNA gene
markers as a complementary tool for detecting fecal pollution in a prarie
watershed. Water Research, 45,4838-4849. doi: 10.1016/j.watres.2009.06.045
Gourmelon, M. M. (2010). Application o f library-independent microbial source tracking
methods for identifying the sources o f faecal contamination in coastal areas.

Water Science & Technology, 61(6), 1401-1409. doi:10.2166/wst.2010.033
Great Ships Initiative. (2011, February 22). Standard Operating Procedure: Procedure for
teh Detection and Enumeration o f Total Coliforms and E. coli using IDEXX's
Colilert. 1-18. (H. Saillard, Compiler)
Huntley, S. L. (1995, June). Geochronology and Sedimentology o f the Lower Passaic
River, New Jersey. Estuaries, 18(2), 351-361. Retrieved November 2012

Huntley, S. L.-L. (1997). Combined sewer overflows (CSOs) as sources o f sediment
contamination in the lower Passaic River, New Jersey. IL Polychlorinated
Dibenzo-p-dioxins, polychlorinated dibenzofurans, and polychlorinated
biphenyls. Chemosphere, 34(2), 233-250. Retrieved March 2013
Iannuzzi, J. M. (2011). Evaluation o f Potential Relationships Between Chemical
Contaminants in Sediments and Aquatic Organisms from the Lower Passaic
River, New Jersey, USA. Environmental Toxicology and Chemistry, 30(1), 17211728. doi:10.1002/etc.550
IDEXX Laboratories, Inc. (2013). Colilert Coliform/E. coli results in 24 hours. Retrieved
from

74

http://www.idexx.com/view/xhtml/en_us/water/products/colilert.jsf7SSOTOKEN
-0
Jeong, J.-Y. K.-I.-H.-O. (2008, December). Molecular Identification o f Fecal Pollution
Sources in Water Supplies by Host-Specific Fecal DNA Markers and Terminal
Restriction Fragment Length Polymorphism Profiles of 16S rRNA Gene. The

Journal o f Microbiology, 599-607. doi:10.1007/sl2275-008-0174-3
Jiang, S. C.-W. (2007). Microbial Source Tracking in a small southern California urban
watershed indicates wild animals and growth as teh source of fecal bacteria.

Applications in Microbiological Biotechnology, 76, 927-934. doi:10.1007/s00253007-1047-0

Khatib, L. A. (2002). A biomarker for the identification of cattle fecal pollution in water
using the LTIIa toxin gene from enterotoxifenic Escherichia coli. Applied

Microbiological Biotechnology, 59, 97-104. doi:10.1007/s00253-002-0959-y
Kildare, B. J. (2007, June 21). 16S rRNA-based assays for quantitative detection of
universal, human-, cow-, and dog-specific fecal Bacteroidales: A Bayesian
approach. Water Research, 41, 3701-3715. Retrieved from
http://www.sfbaynerr.Org/ctp/documents/1235064205Kildare_2007_BactAssays.p
df
Lane, D. J. (1991). 16S/23S rRNA sequencing. In E. &. Stackebrandt (Ed.), Nucleic Acid

Techniques in Bacterial Systematics (pp. 115-175). Chichester, UK: John Wiley
& Sons.

75

Lee, D.-Y. S. (2010). Quantitative identification o f fecal water pollution sources by
TaqMan real-time PCR assays using Bacteriodales 16S rRNA genetic markers.

Applications o f Microbiological Biotechnology (88), 1373-1383.
doi: 10.1007/s00253-010-2880-0

Life Technologies. (2012). Applied Biosystems. Retrieved from Veriti® 96-Well Thermal
Cycler:
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=catNavigate2&
catID=603666&tab=DetailInfo

Liu, R. C. (2012). Imroving the erformance o f an end-point PCR assay commonly used
for the detection of Bacteroidales pertaining to cow species. Applications in

Microbiological Biotechnology, 93, 1703-1713. doi: 10.1007/s00253-011-3782-5
Love, D. C. (2010). Microbial Fecal Indicator Concentrations in Water and Their
Correlation to Environmental Parameters in Nine Geographically Diverse
Estuaries. Water Quality Expo Health, 2, 85-95. doi:10.1007/sl2403-0l0-0026-3
Ma, H.-J. L.-L.-R. (2011). Differentiation of Fecal Escherichia coli from Human,
Livestock, and Poultry Sources by rep-PCR DNA Fingerprinting on the Shellfish
Culture Area o f East China Sea. Curr Microbiol, 62, 1423-1430.
doi: 10.1007/s00284-011 -9870-z
McFeters, G. M. (1972). Survival o f Coliform Bacteria in Natural Waters: Field and
Laboratory Studies with Membrane-Filter Chambers. Applied Microbiology,

24(5), 805-811. Retrieved from

76

http://pubmedcentralcanada.ca/pmcc/articles/PMC380667/pdf/applmicro000510149.pdf
Michigan State University. (2002). Petrifilm® 3M. Retrieved from
https://www.msu.edu/course/fsc/44 l/3mc&ec.html

Murugan, K. P.-S. (2011, October 20). Identification o f source o f faecal pollution of
Tirumanimuttar River, Tamilnadu, India using microbial source tracking.

Environmental Monitoring Assessment, doi: 10.1007/s 10661-011-2398-7
National Center for Biotechnology Information, (n.d.). Standard Nucleotide Blast.
Retrieved from
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&BLAST PROGRAM
S=megaBlast&PAGE_TYPE=BlastSearch&SHOW_DEFAULTS=on&LINK_LO
C=blasthome
New Jersey Department of Environmental Protection. (2008, June). New Jersey Surface

Water Quality Standards N.J.A.C. 7:9B. Retrieved from Water Monitoring &
Standards: http://www.nj.gov/dep/wms/bwqsa/factsheetl.pdf
New Jersey Department of Environmental Protection. (2009). Drinking Water Standards

by Constituent. NJ DEP.
New Jersey Department of Environmental Protection. (2011). N.J.A.C. 7:9B Surface

Water Quality Standards. Retrieved from
http ://www.nj.go v/dep/rules/rules/nj ac7_9b .pdf

77

Nishiguchi, M. K. (2002). DNA Isolation Procedures. 250-281. (R. D. al., Ed.)
Switzerland: Birkhauster Verlag Basel.

O 'B rien,.. E. (2006, Winter). Volunteers Conduct Bacteria Methods Comparison Study.

The Volunteer Monitor, 18(1), 1-6. Retrieved from

http://water.epa.gOv/type/rsl/monitoring/upload/2006_03_20_monitoring_volunte
ernewslettervolmon 18no 1.pdf
Obropta, C. C. (2005). Drinking Water Standards. Rutgers Cooperative Research &
Extension, NJ Agricultural Experiment Station. New Brunswick, NJ: Cook
College Rutgers.
Ondimu, B. (2010). Development of Environmental Probes to Identify Bloom Causing
Cyanobacteria . Montclair, New Jersey: Montclair State University.

Ponader, K. C. (2007). Diatom-based TP and TN inference models and indices for
monitoring nutrient enrichment o f New Jersey streams. Ecological Indicators, 7,
79-93. Retrieved March 2013
Ritchey, S. A. (2009). Applying MAR Analysis to Identify Human and Non-Human
Fecal Sources in Small Kentucky Watersheds. Water Air Soil Pollution, 196, 115125. doi:10.1007/sl 1270-008-9761-5
Roslev, P. A. (2011). State of the art molecular markers for fecal pollution source
tracking in water. Applications o f Microbiological Biotechnology, 89, 1341-1355.
doi: 10.1007/s00253-010-3080-7

78

Saitou, N. M. (1987). The neighbor-joining method: A new method for reconstructing
phylogenetic trees. Molecular Biology and Evolution, 4, 406-425.
Simpson, J. M. (2002). Microbial Source Tracking: State of Science. Environmental

Science and Technology, 36(24), 5279-5288.
Stewart-Pullaro, J. J. (2006). F+RNA coliphage typing for microbial source tracking in
surface waters. Journal o f Applied Microbiology, 101, 1015-1026. Retrieved June
2012
The Passaic River Coalition. (2010). PassaicRiver.org. Retrieved November 2012, from
What We Do- Education- Passaic River Basin:
http://passaicriver.org/passaicriverinfo.html

Thermo Fisher Scientific. (2008). NanoDrop 1000 Spectrophotometer. Wilmington, DE.
ThermoS cientific. (2008). T009-Technical Bulletin NanoDrop1000 & 8000. Thermo
Scientific- NanoDrop products. Wilmington, Delaware: Thermo Scientific.
Retrieved 2013 March, from http://www.nanodrop.com/Library/T009NanoDrop%201000-&-NanoDrop%208000-Nucleic-Acid-Purity-Ratios.pdf

Tsai, Y. L. (1993, October). Simple method of concentrating enterovirus and heatitis A
virus from sewage and ocean water for rapid detection by reverse transcriptasepolymerase chain reaction. Applied and Environmental Microbiology, 59(10),
3488-3491. Retrieved June 2012
Turner, S. K. (1999). Investigating Deep Phylogenetic Relationships among
Cyanobacteria and Plastids by Small Subunit rRNA Sequence Analysis. Journal

19

o f Eukaryotic Microbiology, 46(A), 327-338. Retrieved from
https://pryerlab.biology.duke.edu/uploads/media_items/tumer-et-al-jeb1999.original.pdf

United States Environmental Protection Agency. (1986, September). Method 9132 Total

Coliform: Membrane-Filter Technique. Retrieved March 19, 2013, from EPA:
http://www.epa.gov/wastes/hazard/testmethods/sw846/pdfs/9132.pdf
United States Environmental Protection Agency. (2002, September). Method 1604: Total
Coliforms and Escherichia coli in Water by Membrane Filtration Using a
Simultaneous Detection Technique (MI Medium). 1-12. Washington, DC: U. S.
Environmental Protection Agency Office o f Water.

United States Environmental Protection Agency. (2004, June). Understanding the Safe

Drinking Water Act. Retrieved from Safe Drinking Water Act (SDWA):
http://water.epa.gOv/lawsregs/guidance/sdwa/upload/2009_08_28_sdwa_fs_30ann
_sdwa_web.pdf
United States Environmental Protection Agency. (2005). Microbial Source Tracking

Guide Document. Guide Document, U. S. Environmental Protection Agency,
Office of Research and Development, Cincinnati, Ohio. Retrieved June 2012
United States Environmental Protection Agency. (2010, March). Total Coliform Rule: A

Quick Reference Guide. Retrieved from Total Coliform Rule (TCR):
http://www.epa.gov/ogwdw/disinfection/tcr/pdfs/qrg_tcr_vlO.pdf

80

United States Environmental Protection Agency. (2012, December). Recreational Water

Quality Criteria. Retrieved from 2012 Recreational Water Quality Criteria:
http://water.epa.gov/scitech/swguidance/standards/criteria/health/recreation/uploa
d/factsheet2012.pdf
United States Environmental Protection Agency. (2012). Recreational Water Quality

Criteria. Retrieved from Recreational Water Quality Criteria:
http://water.epa.gov/scitech/swguidance/standards/criteria/health/recreation/uploa
d/RW QC2012.pdf

Voegel, J. R. (2007, May/June). Identifying Fecal Sources in a Selected Catchment
Reach Using Multiple Source-Tracking Tools. Journal o f Environmental Quality,

36(3), 718-729. Retrieved December 2012
Voigt Global Distribution. (2011). Retrieved from Nalgene 567-0020 MF75.Vacuum
Filter Units PES Membrane lOOOmL 0.2pm 90mm, Complete Units with Supor
machV PES Membrane, Pk 12: http://www.vgdllc.com/pharmacy/Nalgene-BottleFilters-Nalgene-MF75/28423-Nalgene-MF75-Vacuum-Filter-Units-PESMembrane-1000mL-0-2%C2%B5m-90mm-Complete-Units-with-Supor-machVPES-Membrane-Pk-12.asp
Yakub, G. P.-K. (2002). Evaluation of Colilert and Enterolert Defined Substrate
Methodology for Wastewater Applications. Water Environmental Research,

74(2), 131-135. Retrieved from
http://www.idexx.com.au/pdf/en_au/water/64194006K.pdf

81

Appendix

/

Lake 3M ™ Petrifilm™ s fro m November sampling. Ex is example provided by 3M. It sh o rn 49 E. coli and 87 total
coliform colonies

2 3M ™ Petrifilms™ o f Highlands Region river samples. Ex is example provided by 3M. It shows 49 E. coli and 87
total coliform colonies. A ll samples are fro m A pril river sites, except UP l (March) which illustrates a negative result.
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3 3M ™ Petrifilms™ o f Lower Valley region river site collections. Ex is example provided by 3M. It shows 49 E. coli
and 87 total coliform colonies

4 M odified Total Coliform Membrane Filtration m-Endo plates fo r river sites. A ll March samples were negative except
LP2 (LP2M). A ll other plates are fro m A pril samplings.
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__

5 Negative m-Endo plate. A ll plates fo r March river samplings were negative except site LP2.

6Negative Quanti-Tray%/200(); no yellow coloration is visible. A ll lake samples yielded a negative result.
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a 3
7

Quanti-Tray®/2000 results fo r April river samplings. No data available fo r U Pl.
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8 Samples chosen fo r culturing. A is site W's 3M ™Petrifilm™. B is LP2's March m-Endo Plate,

9 Cultures o f coliforms from LP2's m-Endo plate on nutrient agar plates. A is the cidture from the small colony. B is
the culture from the large colony.
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